UWB Technology by unknown
UWB Technology 
Circuits and Systems
Edited by Mohamed Kheir
Edited by Mohamed Kheir
Ultra Wide Band (UWB) technology has attracted increasing interest and there is a 
growing demand for UWB for several applications and scenarios. The unlicensed use 
of the UWB spectrum has been regulated by the Federal Communications Commission 
(FCC) since the early 2000s. The main concern in designing UWB circuits is to 
consider the assigned bandwidth and the low power permitted for transmission. This 
makes UWB circuit design a challenging mission in today’s community. Various circuit 
designs and system implementations are published in this book to give the reader a 
glimpse of the state-of-the-art examples in this field. The book starts at the circuit level 
design of major UWB elements such as filters, antennas, and amplifiers; and ends with 
the complete system implementation using such modules.
Published in London, UK 
©  2020 IntechOpen 




B Technology - Circuits and System
s

UWB Technology - 
Circuits and Systems
Edited by Mohamed Kheir
Published in London, United Kingdom

Supporting open minds since 2005
UWB Technology - Circuits and Systems
http://dx.doi.org/10.5772/intechopen.77459
Edited by Mohamed Kheir
Contributors
Ritesh Saraswat, Ritesh Kumar Saraswat, Patrick Longhi, Ernesto Limiti, Sarthak Singhal, Amit Kumar 
Singh, Symeon Nikolaou, Abdul Quddious, LiTian Wang, Dalia Elsheakh
© The Editor(s) and the Author(s) 2020
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, 
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. 
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or 
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning 
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.
Individual chapters of this publication are distributed under the terms of the Creative Commons 
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of 
the individual chapters, provided the original author(s) and source publication are appropriately 
acknowledged. If so indicated, certain images may not be included under the Creative Commons 
license. In such cases users will need to obtain permission from the license holder to reproduce 
the material. More details and guidelines concerning content reuse and adaptation can be found at 
http://www.intechopen.com/copyright-policy.html.
Notice
Statements and opinions expressed in the chapters are these of the individual contributors and not 
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of 
information contained in the published chapters. The publisher assumes no responsibility for any 
damage or injury to persons or property arising out of the use of any materials, instructions, methods 
or ideas contained in the book.
First published in London, United Kingdom, 2020 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, 
registration number: 11086078, 7th floor, 10 Lower Thames Street, London,  
EC3R 6AF, United Kingdom
Printed in Croatia
British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library
Additional hard and PDF copies can be obtained from orders@intechopen.com
UWB Technology - Circuits and Systems




eBook (PDF) ISBN 978-1-83968-412-8
Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)
Interested in publishing with us? 
Contact book.department@intechopen.com
Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com
4,500+ 




Contributors from top 500 universities








the world’s leading publisher of 
Open Access books




Mohamed Kheir was born in Cairo, Egypt, in 1977. He received 
his MSc degree in Communications Technology from the Univer-
sity of Ulm, Ulm, Germany in 2005, and his PhD degree (with 
honors) in Information Engineering and Technology from the 
German University in Cairo, Egypt, in collaboration with Magde-
burg University, Germany, in 2011. From 2012 to 2015, he was 
a Lecturer at the Chair of Microwave Engineering, University 
of Kiel, Germany, where he was involved in several research projects and teaching 
duties. From October 2015 to October 2019, he has been a Senior RF-Development 
Engineer with IMS Connector Systems Group, Germany, where he is responsible for 
the design and development of high-speed and multi-channel connectors for auto-
motive and 5G applications. Since November 2019, he has been working as a Senior 
EMC Expert at Keysight Technologies, Germany.
His research interests include microwave/mm wave integrated circuits, EMC mea-
surements, and UWB Technology. 
Dr. Kheir serves as an Associate Editor at IEEE Access and IEEE Internet of Things 
Journal. He is also a reviewer for multiple IEEE/IET journals and a TPC-member 
for many conferences. Dr. Kheir is the recipient of several prestigious awards and 




Frequency Reconfigurable UWB Antenna Design for Wireless Applications
by Ritesh Kumar Saraswat and Mithilesh Kumar
Chapter 2 19
UWB Circuits and Sub-Systems for Aerospace, Defence and Security  
Applications
by Ernesto Limiti and Patrick E. Longhi
Chapter 3 41
Inner Tapered Tree-Shaped Ultra-Wideband Fractal Antenna with Polarization 
Diversity
by Sarthak Singhal and Amit Kumar Singh
Chapter 4 59
Antennas for UWB Applications
by Symeon Nikolaou and Abdul Quddious
Chapter 5 77
Review on UWB Bandpass Filters
by Li-Tian Wang, Yang Xiong and Ming He
Chapter 6 101
Passive Components for Ultra-Wide Band (UWB) Applications




Frequency Reconfigurable UWB Antenna Design for Wireless Applications
by Ritesh Kumar Saraswat and Mithilesh Kumar
Chapter 2 19
UWB Circuits and Sub-Systems for Aerospace, Defence and Security 
Applications
by Ernesto Limiti and Patrick E. Longhi
Chapter 3 41
Inner Tapered Tree-Shaped Ultra-Wideband Fractal Antenna with Polarization 
Diversity
by Sarthak Singhal and Amit Kumar Singh
Chapter 4 59
Antennas for UWB Applications
by Symeon Nikolaou and Abdul Quddious
Chapter 5 77
Review on UWB Bandpass Filters
by Li-Tian Wang, Yang Xiong and Ming He
Chapter 6 101
Passive Components for Ultra-Wide Band (UWB) Applications
by Dalia N. Elsheakh and Esmat A. Abdallah
Preface
Ultra Wide Band (UWB) technology has attracted increasing interest and there is
a growing demand for UWB for several applications and scenarios. The unlicensed
use of the UWB spectrum has been regulated by the Federal Communications
Commission (FCC) since the early 2000s. The main concern in designing UWB
circuits is to consider the assigned bandwidth and the low power permitted for trans-
mission. This makes UWB circuit design a challenging mission in today’s community.
The major aim of the book is to introduce the readers to the basic design principles
and building blocks that are necessary for such technology. In addition, the latest
research innovations, especially in the area of circuits and systems, are presented.
Various circuit designs and system implementations are described within this book
to give the reader a glimpse of the state-of-the-art examples in this field. The book
starts at the circuit level design of major UWB elements such as filters, antennas, and
amplifiers; and ends with the complete system implementation using such modules.
The first chapter of the book is titled “Frequency Reconfigurable UWB Antenna
Design for Wireless Applications” written by R. K. Sarraswat and M. Kumar. The
chapter introduces a reconfigurable antenna suitable for WLAN, WiMAX, WiFi, 
and UWB wireless applications. The antenna is capable of switching between the
narrow band, dual band, and UWB modes by using five p-i-n diodes placed inside
an inverted L-shaped ground slot. The proposed design provides for easy integra-
tion with cognitive radio and multi radio wireless terminal devices. Radiation
characteristics of the proposed antenna are achieved with good impedance match-
ing at these resonant frequencies. The radiation pattern, gain, and efficiency are
consistent over all the operating bands, making the proposed antenna a good choice
for wireless applications.
The second chapter is titled “UWB Circuits and Sub-Systems for Aerospace, 
Defence, and Security Applications” and is written by E. Limiti and P. E. Longhi. 
This chapter reviews the topology, technology, and trends of microwave circuits in
UWB systems for aerospace and defence applications. This includes front-end and 
back-end circuits, amplifiers and mixers, ADCs, and chip integration techniques. 
An outline on multi-functional circuits (Single-Chip Front-Ends and Core-Chips) 
is also presented.
The third chapter is titled “Inner Tapered Tree Shaped Ultra Wide Band Fractal 
Antenna with Polarization Diversity” and is authored by S. Singhal. The chapter
introduces a compact third iteration fractal antenna for UWB using an orthogonal 
arrangement of two antenna elements. The designed antenna has wider bandwidth
and excellent polarization diversity performance, which makes it suitable for UWB 
polarization applications in future wireless communication systems to mitigate the
multipath fading.
The fourth chapter is titled “Antennas for UWB Applications” and is authored by
S. Nikolaou and A. Quddious. The chapter presents selected antenna designs in rela-
tion to the UWB applications and their dictating radiation and operation principles. 
The demonstrated UWB antennas include antennas for handheld devices used for
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personal area network (PAN) communications, antennas used for localization and 
positioning, UWB antennas for RFIDs, radar antennas for through-wall imaging, 
for ground penetrating radar, for breast tumor detection, and more generally, 
UWB antennas used for sensing. For some of the aforementioned applications, 
UWB antennas with special characteristics are needed and these are presented in 
this chapter, with the relevant applications. These include reconfigurable UWB 
antennas, metamaterial-loaded UWB antennas, and conformal UWB antennas. The 
usefulness of these special characteristics in comparison with the claimed advan-
tages is critically evaluated.
The fifth chapter is titled “The UWB Bandpass Filters”, which is authored by 
L.-T- Wand, Y. Xiong, and M. He. The chapter reviews the development process 
and regulations of UWB bandpass filters. Subsequently, it focuses on the applica-
tion scenarios of UWB filters in UWB communication systems and the unique 
merits of UWB filters. In addition, the primary performance specifications of the 
UWB filters, including insertion loss, return loss, the level of out-of-band attenu-
ation, and roll-off-rate are also presented. After a brief discussion of microwave 
network theory, several methods for implementing UWB filters are summarized. 
Furthermore, the design of the UWB filter with notch band is presented in the last 
section of the chapter.
Finally, the last chapter titled “Passive Components for Ultra-Wide Band (UWB) 
Applications” is authored by D. N. Elsheakh and E. A. Abdallah. This chapter intro-
duces many types of UWB antennas. The first type is the monopole antenna, which 
is used as linearly polarized antennas. It has proven to be the best choice for use in 
various automobiles and mobile equipment due to its simplicity in design. Multilayer 
antenna with multiple feed points are different types used in UWB antennas with 
moderate gain. Log parodic and Yagi antennas are other types of UWB with high 
gain. Electromagnetic band gap (EBG) structures as defected ground or split ring 
resonators are also used to improve the antenna bandwidth and achieve UWB.
Different UWB filters are presented and described in this chapter as well. These 
filters may be switchable or tunable in order to introduce notch frequencies within 
the passband to provide interference immunity from unwanted radio signals, such 
as wireless local area networks (WLAN) and worldwide interoperability for micro-
wave access (WiMAX) that cohabit within the UWB spectrum. With the current 
scenario of emerging services of the wireless communication systems, the need for 
compact multiband filtenna (filter combined with antenna) with the ability to cover 
the current standards at the microwave band and the next generation standards at 
the millimeter wave band simultaneously is rising. Also, the operation of cogni-
tive radio and self-adaptive systems need to dynamically monitor the frequency 
spectrum in search of the unused licensed channels. All these applications need 
different types of filtennas, which may be fixed, switchable, or tunable that can 
operate in the UWB range of frequency and also with narrow band modes to cover 
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Abstract
A frequency band reconfigurable antenna is designed and experimentally
analyzed. Proposed design achieve UWB (3.1–10.6 GHz), two dual band and two
narrow band switching states by implementation of PIN diodes inside the slotted 
ground. Antenna covers the various wireless standards WLAN, WiMAX, WiFi and 
UWB with return loss S11 < −10 dB. Proposed antenna is also operating at 9.2 GHz
to include the airborne radar applications. Simulated and experimental results are
compared and found to be in good agreement.
Keywords: cognitive radio (CR), frequency-band reconfigurable,
RF switch p-i-n diode, ultra wideband (UWB) antenna, WLAN
1. Introduction
Present scenario of wireless communication system required compact and 
multiple band antenna design. Since many systems are operating at multiple
frequency range, requiring dual and triple band antenna for various applications
such as WLAN, WiMAX, RFID, satellite communication, etc. Presently, many
printed monopole antenna are proposed. Serve for wireless applications to cover the
wireless standards for Wireless local area network (WLAN: 2.4–2.48, 5.15–5.35, and 
5.75–5.825 GHz) and worldwide interoperability for microwave access (WiMAX: 
3.4–3.69 GHz) are two among the available wireless standards which allow intercon-
nections of devices for communication. To achieve multi-functionality, various
parameters of antenna such as polarization characteristics, resonant frequency, 
patterns and impedance bandwidth etc., are reconfigured as per requirements [1].
Presently wireless communication systems are adopting the concept of cogni-
tive radio system where using a sensing antenna performing the monitoring of the
spectrum, and can be reconfigured to operate over a desired frequency band. This
system is required a frequency band reconfigurable antenna as a sensing element
[2]. Most of frequency band reconfigurable antennas providing the band switching 
between narrowband modes [3–5].
Antenna obtained the quad-band switching by implementation of microelectro-
mechanical systems (MEMS) switch [3]. Another frequency band reconfigurable
patch antenna is proposed that operate in four different modes with the help
of switching elements [4]. Recently, many microstip patch antenna have been
designed that indicate the switching facility in narrowband as well as wideband 
modes [6–11]. In [6], a Vivaldi antenna is designed that provide the wideband and 
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narrowband mode switching facility. A frequency band reconfigurable antenna 
with four photoconductive switches is proposed that operating with switching 
between the three narrowband modes and UWB mode [7]. In [9], antenna has 
been proposed with narrowband and wideband functionality with reconfigu-
rability characteristics is achieved with the implementation of p-i-n and varactor 
diodes. Tunable EBG structure are analyzed with active switching devices FET and 
obtained the transmission characteristics of the structure [12, 13]. Many techniques 
such as defective ground [14], etching slots [15, 16], metamaterial loading [17–23], 
dielectric resonator [24], fractal geometry [25, 26], etc., are applied to accomplish 
multiband reconfigurable operation to cover various wireless applications.
In this chapter, firstly design the octagonal shape patch antenna and imple-
menting the inverted L shaped switchable slotted ground yielded switchable 
resonant modes such as, two narrowband modes (5.05–5.89 and 8.76–9.80 GHz), 
two dual band modes (2.21–2.52 GHz and 5.07–5.89 GHz and 2.18–2.52 GHz and 
8.78–9.71 GHz) and UWB mode (2.87–16.56 GHz) for wireless applications. As per 
requirement to design antenna to frequency band reconfigurability introducing the 
five switching elements p-i-n diodes placed inside the slotted ground. The proposed 
design is compact in size as compared to antennas are discussed in published 
literature [6–11]. The simulation work of antenna is done by using CST Microwave 
Studio (CST MWS) software [27] and measurement is performed with the help of 
VNA (vector network analyzer-E5071C (300 KHz–20 GHz) ENA series Agilent 
Technologies). The fabrication of proposed structure is executed by using of PCB 
prototype machine (Caddo-71).
Following sections focused on the antenna designing with parametric study and 
switchable modes analysis with results in simulated as well as measurement modes.
2. Ultra wideband (UWB) antenna design
In this section initially octagonal shape monopole antenna size of 40 × 40 × 0.40 mm3 
is designed, as represented in configuration “a” of Figure 1. The proposed design is con-
structed on 0.40 mm thick Roger RT 5880 substrate with the relative permittivity 2.2, fed 
with 50 ohm microstrip feed line. Octagonal shape radiating element has the dimensions 
ab = ef = 10 mm, bc = ha = 5.14 mm, cd = gh = 6.0 mm and de = fg = 5.14 mm attached 
with feedline of dimensions 22 × 1.25 × 0.01 mm3. On back side of antenna, ground plane 
Figure 1. 
Configuration of the UWB antenna: (a) front view of structure and (b) back view of structure.
3
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exist with length of 21.1 mm, width of 40 mm and thickness of 0.01 mm. Figure 1 shows 
the configuration of the proposed antenna with a top view and bottom view.
The operational performance of the antenna is analyzed with variations in its 
parameters such as ground slot dimensions (length l1 and width W1) are known as 
the parametric study of the proposed design. This study is carried out by variations 
in slot length l1 and width W1 while keeping other parameters constant. Slot length 
l1 and width W1 is varied from 0 to 7 mm and 0.6 to 1.4 mm respectively, as depicted 
in Figure 2. It is observed that, as variation are done in the value of l1 and W1, the 
reflection coefficient (S11) is changes and the respective frequency band is also 
changes accordingly. The optimized impedance matching for UWB band character-
istics is achieved at length l1 = 6.1 mm and width W1 = 1 mm.
Figure 2. 
Simulated reflection coefficient S11 of the proposed antenna for different values of l1 and W1.
Figure 3. 
Simulated and measured reflection coefficient S11 of the proposed UWB antenna.
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From Figure 2, it is indicated that at lower frequencies (2–4 GHz) that the 
impedance matching is improved when the slot dimensions are reduced (either by 
reducing l1 or W1). At higher frequencies (above 5 GHz), the impedance matching 
is enhanced when the slot dimensions are increased. The input reflection coef-
ficient S11 (below −10 dB) of UWB antenna is achieved at the optimized value of 
l1 = 6.1 mm and W1 = 1 mm. The impedance bandwidth of 141% (2.87–16.56 GHz) 
under simulation and 140% (2.85–15.85 GHz) in measurement is obtained as 
shown in Figure 3.
3. Narrowband and dual band antenna design
The UWB monopole antenna can be reconfigured to others frequency bands 
by using an inverted L and rectangular shaped slotted structure placed on the 
ground plane, as shown in Figure 4. This inverted L-shaped slot in ground plane 
generating an additional current path due to the perturbation of the current 
flow in antenna structure that leads to the filter characteristics, responsible 
to suppress the frequencies outside the desired frequency band. These ground 
slots are generating the stop bands in the UWB frequency range [9]. Figure 5 
represents the different filter structures of the proposed design by variation in 
the inverted L-shaped slot.
Figure 6 represents the input reflection coefficient S11 (below −10 dB) of the 
antenna for different filter structures. Structure I and II are creating the dual bands 
whereas structure III and IV are responsible for obtaining the single bands only.
Moreover, the bandwidth of each filtering structure in Figure 6, is controllable 
with changing the length l2 and width W2 of parallel vertical arms (in Figure 4). 
By the variations of these arms dimensions impedance bandwidth changes accord-
ingly, as shown in Figure 7. While increasing the slot length l2 and width W2, 
Figure 4. 
Slotted structure on ground plane.
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the bandwidth of antenna decreases from 30 to 12% in structure III. The desired 
resonant band with the input reflection coefficient S11 (below −10 dB) is achieved at 
the optimized value l2 = 2.5 mm and W2 = 1 mm respectively.
Figure 5. 
Filter structures placed on the ground plane.
Figure 6. 
Simulated reflection coefficient S11 of the antenna for filter structures in Figure 5.
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slots are generating the stop bands in the UWB frequency range [9]. Figure 5 
represents the different filter structures of the proposed design by variation in 
the inverted L-shaped slot.
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antenna for different filter structures. Structure I and II are creating the dual bands 
whereas structure III and IV are responsible for obtaining the single bands only.
Moreover, the bandwidth of each filtering structure in Figure 6, is controllable 
with changing the length l2 and width W2 of parallel vertical arms (in Figure 4). 
By the variations of these arms dimensions impedance bandwidth changes accord-
ingly, as shown in Figure 7. While increasing the slot length l2 and width W2, 
Figure 4. 
Slotted structure on ground plane.
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the bandwidth of antenna decreases from 30 to 12% in structure III. The desired 
resonant band with the input reflection coefficient S11 (below −10 dB) is achieved at 
the optimized value l2 = 2.5 mm and W2 = 1 mm respectively.
Figure 5. 
Filter structures placed on the ground plane.
Figure 6. 
Simulated reflection coefficient S11 of the antenna for filter structures in Figure 5.
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4. Frequency reconfigurable antenna design
In this section analyzed the reconfiguration of UWB mode of proposed design 
to another narrowband and dual band modes. This reconfiguration is done by 
implementation of filter structures on the ground plane by placing of five switch-
ing elements p-i-n diodes inside it, as indicated in Figure 8. The switches D1–D5 are 
positioned in such a way to obtain the required structures I–IV for desired fre-
quency bands. If diode D1 is on and remaining are off, we will get a filter structure 
like structure-I for dual band.
For biasing of p-i-n diodes, apply the dc voltage across the p-i-n diodes with the 
help of metal strips dimension of 2 × 0.6 mm2, as indicated in Figure 8. As shown in 
Figure 8, blocking capacitor of 100 pF is also connected with diode, to provide the 
isolation between the dc and the RF signal. A beam lead p-i-n diodes (ALPHA-6355) 
are placed inside the ground slot, where 0.7 V dc is required for biasing of diode. 
During ON state (forward bias) of diode, it exhibit resistance of 2.6 ohm while in 
case of OFF state (reverse bias) it represents 0.081 pF [28].
Figure 9 shows the electrical equivalent circuit of the diode for both states (ON/
OFF state). For On state, it represents a series combination of fixed inductor (Ls) 
and a current-controlled resistor (Rs), whereas for OFF state, it indicates a shunt 
combination of intrinsic-layer capacitance (Cp) and the resistance (Rs) in series 
with fixed inductance (Ls). The intrinsic-layer capacitance (Cp) is a combination of 
the stray capacitance Cs and the junction’s capacitance Cj.
As per Table 1, narrow bands, dual bands and UWB band are obtained by 
changing the states of diodes and compare the frequency bands and 10-dB band-
width in simulation and measurement mode. The proposed antenna is initially 
simulated with the help of simulation software CST Microwave Studio (MWS) [27] 
and thereafter, fabricated on FR4 substrate with optimized values. Figure 10 shows 
the fabricated prototype of the proposed antenna.
A setup is used for frequency band reconfigurable structure to observe the mea-
sured reflection coefficient (S11) with the help of vector network analyzer (VNA) 
and radiation characteristics by using anechoic chamber, shown in Figure 11.
Figure 7. 
Simulated reflection coefficient S11 of the antenna for different values of l2 and W2 in structure-III.
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The simulated and measured reflection coefficients S11 for all five states are 
shown in Figure 12. Comparison of simulated S11 with measured ones is indicated 
as a good agreement between them. From Table 1, for narrowband states I achieve 
the bandwidth of 16% (5.05–5.89 GHz) and 14% (5.01–5.79 GHz) in simulation and 
measurement mode respectively. For state II (narrowband), obtained bandwidth 
of 11% (8.76–9.80 GHz) and 10% (8.68–9.69 GHz) in simulation and measurement 
Figure 8. 
Switchable filter structure on the ground plane (unit: millimeters).
Figure 9. 
Equivalent circuit for p-i-n diode: (a) ON-state (forward bias) and (b) OFF-state (reverse bias).
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mode respectively. For next state III, antenna resonant in dual band mode and 
achieve impedance bandwidth of 13% (2.21–2.52 GHz) and 15% (5.07–5.89 GHz) 
under simulation and 12% (2.20–2.50 GHz) and 15% (5.05–5.90 GHz) during 
measurement. For State IV, antenna identifies the operating bandwidth of 14% 
(2.18–2.52 GHz) and 10% (8.78–9.71 GHz) and 13% (2.19–2.50 GHz) and 9% (8.70–
9.60 GHz) during simulation and measurement mode respectively. For V state of 
UWB mode, antenna indicates the operating bandwidth of 141% (2.87–16.87 GHz) 
and 140% (2.97–16.80 GHz) under simulation and measurement mode respectively.
The resonant bands are achieved by switching states of diodes can serve sev-
eral wireless applications such as WLAN, WiMAX, WiFi and UWB. As per IEEE 
standards the WLAN is identify for 802.11b/g/n (2.4–2.48 GHz), 802.11a/h/j/n 
(5.2 GHz) and ISM band (2.4–2.5 GHz). Wireless standards WiMAX, WiFi and 
UWB are identify for frequency bands of 2.3–2.4 and 5.15–5.85 GHz, 2.40–2.48 
Figure 10. 
Images of the fabricated antenna: (a) top view and (b) bottom view.
Diode D1 D2 D3 D4 D5 Frequency bands (in 
GHz)
10-dB bandwidth (%) Characteristics
States Simulated Measured Simulated Measured
I ON OFF OFF ON OFF 5.05–5.91 5.01–5.79 16 14 Narrow band
II OFF ON OFF OFF ON 8.76–9.80 8.68–9.69 11 10 Narrow band






13 and 15 12 and 15 Dual band






14 and 10 13 and 9 Dual band
V ON ON ON ON ON 2.87–16.56 2.85–15.85 141 140 UWB
Table 1. 
Details of combinations of p-i-n diodes with simulated and measured frequency band and bandwidth in each states.
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Figure 11. 
Images of measurement setup for proposed antenna.
Figure 12. 
Simulated and measured reflection coefficient S11 of the proposed antenna for states I-V (from (a)-(e) as per Table 1).
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Images of measurement setup for proposed antenna.
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Figure 13. 
Surface current distribution of the proposed antenna for different frequencies.
and 5.15–5.85 GHz and 3.1–10.6 GHz respectively. Proposed design also covers the 
airborne radar applications works at 9.2 GHz.
From Figure 12(e), the resonance is identified at the frequency of 3.0, 5.0, 7.0 
and 9.6 GHz. As per the observation of Figure 13, it is found that the first reso-
nance is controlled by the inverted L shaped slot dimensions since the maximum 
surface current is present across it. Second resonance 5.0 GHz is obtained due to the 
octagonal shape of radiating element and the feedline attached to the patch. Third 
resonance at 7.0 GHz is obtained due to the rectangular slot created on the ground 
plane. The two rectangular slits dimensions of l2 and W2 are responsible to generate 
tank circuit causes the fourth resonance at 9.5 GHz. The surface current distribution 
is observed at theses resonance frequencies as shown in Figure 13.
From Figure 14, the 3D-gain of the antenna is observed at different resonant 
frequencies, where the maximum radiation is identify at the various values of angles 
(theta and phi). It is noticed that at higher frequency, the directivity is improved so that 
the gain is increased. Figure 15 represents the measured antenna gain in single band, 
dual band and UWB modes for various switching states. It is analyzed that at lower 
frequency range gain is reduced whereas at higher frequencies (above 6 GHz) gain is 
improved as compared to reference gain level of 4 dB. It is also observed that antenna 
exhibit the acceptable gain in narrowband and dual-band modes. Figure 15(b) shows 
the average gain of 3.9 dB is achieved for UWB mode of the proposed antenna.
Figure 16(a) indicates the variation of the simulated radiation efficiency from 
96.9 to 79.5% and from 97.2 to 70.3% for switching states I and II respectively, for the 
proposed antenna. The variation of the simulated radiation efficiency from 95.5 to 
73.3% and from 94.0 to 78.1% is observed for state III and IV respectively. Figure 16(b)  
shows the simulated radiation efficiency variation from 98.9 to 85.8% for UWB 
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mode. It is noticed that the radiation efficiency is stay above the 70% in all the 
narrow band, dual band and UWB band. Another observation is that at higher 
frequency range the simulated radiation efficiency is decreases.
Figure 14. 
Simulated gain (dB) of the proposed antenna for different frequencies.
Figure 15. 
Measured gain of the proposed antenna for different switching states: (a) single-band and dual-band modes 
and (b) UWB.
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mode. It is noticed that the radiation efficiency is stay above the 70% in all the 
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frequency range the simulated radiation efficiency is decreases.
Figure 14. 
Simulated gain (dB) of the proposed antenna for different frequencies.
Figure 15. 
Measured gain of the proposed antenna for different switching states: (a) single-band and dual-band modes 
and (b) UWB.
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The axial ratio (AR) measurement of the proposed antenna is done inside an 
anechoic chamber by using antenna measurement system with VNA. To obtain 
maximum ARBW (axial ratio bandwidth), the antenna measurement system is 
aligned along the directions of θ = 78° and Ф = −89°, where AR is stay below the 
3 dB reference level. The simulated ARBW of 38% is achieved for frequency range 
from 4.65 to 6.85 GHz as shown in Figure 17. The measured ARBW is slightly less 
than the simulated one at the center frequency 5.65 GHz.
Figure 17. 
Simulated and measured AR (axial ratio) (along θ = 78° and Ф = −89°) of the proposed antenna.
Figure 16. 
Simulated radiation efficiency of the proposed antenna for different switching states: (a) single-band and 
dual-band modes and (b) UWB.
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Patterns are analyzed at operating frequencies 2.4, 5.4, 7.5, and 10 GHz for E and 
H plane (principal plane). From Figure 18, there is dumb bell shape and quasi-
omnidirectional like radiation patterns in H-Plane and E-Plane respectively, which 
represents that the proposed design is a good candidate for wireless communica-
tion. There is a good agreement seen between the measured and simulated radia-
tion patterns for E and H plane with the slight difference caused due to assembly 
Figure 18. 
Measured and simulated E and H plane radiation patterns.
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misalignments. A consistent omnidirectional radiation is observed in the E plane 
and a nearly bi-directional pattern is observed along the H plane for all the operat-
ing frequencies.
Both the measured and simulated E and H plane radiation patterns are appear 
reasonably stable with respect to resonant frequency. It is also observed that there is 
pinch-off along the end fire directions (θ = ±90°) at lower frequencies for H-plane 
pattern. The E-plane pattern shows the unidirectional nature at higher frequen-
cies because at these frequencies the back lobes (along θ = 180°) are considerably 
decreases. Table 2 shows the comparison of the proposed antenna characteristics, 
like as antenna size, impedance bandwidth, gain, radiation efficiency and operating 
modes, with reported multiband antennas for wireless standard.
5. Conclusion
A frequency band reconfigurable antenna suitable for WLAN (2.4/5.2 GHz). 
ISM band (2.4–2.5 GHz), WiMAX (2.3–2.4 and 5.15–5.85 GHz), WiFi (2.40–2.48 
and 5.15–5.85 GHz) and UWB (3.1–10.6 GHz) wireless standards are presented in 
this chapter. Proposed design also covers the airborne radar applications works at 
9.2 GHz. The radiating element of octagonal shape and switchable slotted ground 
is implemented to achieve the frequency band reconfigurability between wireless 
standards. The switching between the narrowband, dual band and UWB modes 
is obtain by using five p-i-n diodes placed inside the inverted L shaped ground 
slot. The proposed design is provides the facility of easily integration with cogni-
tive radio and multi radio wireless terminal devices. Proposed design achieve 
the bandwidth of 16% (5.05–5.89 GHz) and 14% (5.01–5.79 GHz) in simulation 
and measurement mode respectively for narrowband states I. Next it obtained 
bandwidth of 11% (8.76–9.80 GHz) and 10% (8.68–9.69 GHz) in simulation and 
measurement mode respectively for narrowband states II. Antenna resonant in 
dual band mode and achieve impedance bandwidth of 13% (2.21–2.52 GHz) and 
15% (5.07–5.89 GHz) under simulation and 12% (2.20–2.50 GHz) and 15% (5.05–
5.90 GHz) during measurement for next state III. For next state IV, antenna identi-
fies the operating bandwidth of 14% (2.18–2.52 GHz) and 10% (8.78–9.71 GHz) and 
13% (2.19–2.50 GHz) and 9% (8.70–9.60 GHz) during simulation and measurement 
mode respectively. For UWB mode of V state, antenna indicate the operating 
bandwidth of 141% (2.87–16.87 GHz) and 140% (2.97–16.80 GHz) under simula-
tion and measurement mode respectively. The average gain of 3.9 dB is achieved 
for UWB mode of the proposed antenna. The radiation efficiency is stay above the 
70% in all the narrow band, dual band and UWB band. Radiation characteristics 
of the proposed antenna are achieved with good impedance matching at these 
resonant frequencies. The radiation pattern, gain and efficiency are consistent over 
all the operating bands making the proposed antenna a good choice for wireless 
applications.
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In order to maintain technological superiority over other systems, modern 
equipment for aerospace, defence and security (ADS) applications require 
advanced integrated circuits operating at microwave and millimetre wave frequen-
cies. High integration is necessary to obtain low SWaP-C features thus enabling the 
installation of this category of equipment in unfriendly environments: compact 
spaces, and subject to heavy mechanical loads and temperature stress. This chapter 
reviews the topology, technology and trends of microwave circuits in UWB systems 
for ADS applications. Amplification at high frequency is a crucial function: high 
power amplifiers in the transmit (Tx) chain and low-noise amplifiers in the receive 
(Rx) chain will be revised, in addition to medium-power (gain) amps. Signal condi-
tioning and routing is also essential: MIMO architecture are becoming the standard 
and therefore switching and signal phasing and attenuation is increasingly needed, 
to obtain the desired beam steering and shaping. Each type of circuits leverages the 
benefits of either gallium nitride (GaN) or gallium arsenide (GaAs), and the role of 
the semiconductor will be explained. Finally, an outline on multi-functional circuits 
(single-chip front-ends and core-chips) will be presented: the trend is to realize the 
whole microwave section of a Tx/Rx module with only to MMICs that perform all 
the functionalities requested at microwave frequencies.
Keywords: microwave front-ends, microwave measurement circuits, microwave 
transmit/receive modules, multi-functional MMICs, AESA, III–V semiconductors
1. Introduction
High-frequency circuits are necessary to process the microwave signal between 
the radiating element and the digital signal processing (DSP) unit. Although, 
analogue-to-digital converters (ADC) are constantly increasing their frequency 
and power handling capability, they are still away from being able to detect very 
low power RF signal or capable to generate high RF power. Microwave circuits, 
therefore, are inserted to perform high-frequency processing so the ADC, and con-
sequently the DSP unit, can more easily handle the RF signal. Such high-frequency 
processing functions are: amplification (low-noise, gain or high-power), signal 
combining or splitting, signal routing, phase and amplitude modulation, signal 
measurement, finally frequency generation and conversion.
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cies. High integration is necessary to obtain low SWaP-C features thus enabling the 
installation of this category of equipment in unfriendly environments: compact 
spaces, and subject to heavy mechanical loads and temperature stress. This chapter 
reviews the topology, technology and trends of microwave circuits in UWB systems 
for ADS applications. Amplification at high frequency is a crucial function: high 
power amplifiers in the transmit (Tx) chain and low-noise amplifiers in the receive 
(Rx) chain will be revised, in addition to medium-power (gain) amps. Signal condi-
tioning and routing is also essential: MIMO architecture are becoming the standard 
and therefore switching and signal phasing and attenuation is increasingly needed, 
to obtain the desired beam steering and shaping. Each type of circuits leverages the 
benefits of either gallium nitride (GaN) or gallium arsenide (GaAs), and the role of 
the semiconductor will be explained. Finally, an outline on multi-functional circuits 
(single-chip front-ends and core-chips) will be presented: the trend is to realize the 
whole microwave section of a Tx/Rx module with only to MMICs that perform all 
the functionalities requested at microwave frequencies.
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1. Introduction
High-frequency circuits are necessary to process the microwave signal between 
the radiating element and the digital signal processing (DSP) unit. Although, 
analogue-to-digital converters (ADC) are constantly increasing their frequency 
and power handling capability, they are still away from being able to detect very 
low power RF signal or capable to generate high RF power. Microwave circuits, 
therefore, are inserted to perform high-frequency processing so the ADC, and con-
sequently the DSP unit, can more easily handle the RF signal. Such high-frequency 
processing functions are: amplification (low-noise, gain or high-power), signal 
combining or splitting, signal routing, phase and amplitude modulation, signal 
measurement, finally frequency generation and conversion.
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A possible way to cluster these functions is divide them in front-end or back-
end functionalities. The prior are typically connected to the radiating element, 
implementing low-noise or high-power amplification and some form of signal 
routing and phase and amplitude modulation. Instead, microwave back-ends are 
connected to the ADC and therefore provide all the functionalities so the RF signal 
can be profitably delivered to the digital section. Such functions are typically more 
complex functions such as extraction of signal characteristics, frequency generation 
and conversion.
The two sub-system and the relevant circuits will be discussed in the following.
In this chapter, we will not describe signal filtering, being this an extremely 
extensive topic, excellently covered by Matthaei et al. work [1] and other chapters 
in this book.
2. Front-end systems and their circuits
As briefly described in Section 1, a microwave front-end system is directly con-
nected to the radiating element. In most cases, these subsystems provide dual mode 
operation: receive and transmit mode. In receive mode, the incoming RF signal is 
very weak and its power needs to be amplified to an adequate level, without adding 
excessive noise content or distorting the RF signal.
In transmit mode, the outgoing RF signal has to be raised to the highest possible 
value in order to guarantee an adequate transmission level. In this case too, distor-
tion must be limited in order to preserve the information carried by the RF signal.
Signal routing is often necessary to implement the desired RF path between the 
digital section and the selected antenna.
2.1 Antenna front end
Antenna front ends (AFE) are employed to condition the received signal coming 
from the antenna port to make it usable for the following sub-systems, an example 
of which is described in Section 3.
The main functions of an AFE circuit are: low-noise amplification, protection 
against strong interference, signal routing when multiple I/O ports are present, and 
partitioning into sub-bands if needed. Figure 1 depicts a simplified schematic.
The first, leftmost, section of the AFE contains the protection and signal routing 
function. The protection against strong interfering signals is accomplished using a 
limiting circuit commonly realized through a shunt diode. The limiter has to be the 
first circuit in order to protect the following components from strong interference 
signals that might damage sensitive circuitry. Next, there is a signal routing section 
Figure 1. 
Antenna front end (AFE) schematic diagram.
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(switch), which is necessary when multiple inputs are present. Switching circuits 
are described in Section 2.1.2.
Once the signal has been routed, and strong interference has been eliminated 
then the signal is fed to a frequency diplexer (if necessary) and subsequently to a 
low-noise amplifying (LNA) stage. The frequency diplexer is inserted when the fol-
lowing stages operate at sub-bands that are less than the total RF input band-width 
(BW). In Figure 1, the bands are indicated as low-band (LB) and high-band (LB).
The single sub-bands can cover a decade BW, so that the overall BW of the 
module is more than a decade. Finally, the LNA is the key-component of AFE circuit 
and its role and properties are described in Section 2.1.1.
Figure 2 reports the AFE circuit’s noise figure and gain in the two LB and NB 
sub-bands. This is a typical performance that can be accomplished by using COTS 
(commercial off-the-shelf) available components.
The gain (dashed lines) are plotted on the left axis while the NF (solid line) on 
the right. Some observations in the following: first, the effect of the input diplexer 
is quite evident around 2.5 GHz were the two gains cross. This is a side-effect of 
applying the RF at one input and then di-plexing into two sub-bands. The relatively 
high NF in LB and HB is mainly due to all the passive and protection circuits before 
the LNAs-Reasonably, all there passive structure will account for 4/5 dB losses. 
Additionally summing the NF of the LNA will lead to 5 dB in LB and typical 8/10 dB 
in HB. The gain ripple, more evident in the HB sub-band is due to the electrically 
long interconnects at microwave frequencies. Superior performance in terms of NF 
can be obtained by designing by oneself the critical circuits (i.e. LNA).
2.1.1 Low-noise amplifiers (LNA)
Low-noise amplifiers are an omnipresent component in any microwave receiv-
ing system. The LNA’s role is to increase the power of the input signal, usually very 
low especially in long-distance communications, without adding an excessive noise 
contribution that would make the signal unmanageable by the following stages. The 
LNA’s key characteristics are its gain (G) and noise figure (NF). Secondary, but still 
important parameters are linearity, power consumption and port matching.
Figure 2. 
Antenna front end (AFE) typical RF performance: gain (dashed) and NF (solid). Operating BW is 
0.5–18 GHz.
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(switch), which is necessary when multiple inputs are present. Switching circuits 
are described in Section 2.1.2.
Once the signal has been routed, and strong interference has been eliminated 
then the signal is fed to a frequency diplexer (if necessary) and subsequently to a 
low-noise amplifying (LNA) stage. The frequency diplexer is inserted when the fol-
lowing stages operate at sub-bands that are less than the total RF input band-width 
(BW). In Figure 1, the bands are indicated as low-band (LB) and high-band (LB).
The single sub-bands can cover a decade BW, so that the overall BW of the 
module is more than a decade. Finally, the LNA is the key-component of AFE circuit 
and its role and properties are described in Section 2.1.1.
Figure 2 reports the AFE circuit’s noise figure and gain in the two LB and NB 
sub-bands. This is a typical performance that can be accomplished by using COTS 
(commercial off-the-shelf) available components.
The gain (dashed lines) are plotted on the left axis while the NF (solid line) on 
the right. Some observations in the following: first, the effect of the input diplexer 
is quite evident around 2.5 GHz were the two gains cross. This is a side-effect of 
applying the RF at one input and then di-plexing into two sub-bands. The relatively 
high NF in LB and HB is mainly due to all the passive and protection circuits before 
the LNAs-Reasonably, all there passive structure will account for 4/5 dB losses. 
Additionally summing the NF of the LNA will lead to 5 dB in LB and typical 8/10 dB 
in HB. The gain ripple, more evident in the HB sub-band is due to the electrically 
long interconnects at microwave frequencies. Superior performance in terms of NF 
can be obtained by designing by oneself the critical circuits (i.e. LNA).
2.1.1 Low-noise amplifiers (LNA)
Low-noise amplifiers are an omnipresent component in any microwave receiv-
ing system. The LNA’s role is to increase the power of the input signal, usually very 
low especially in long-distance communications, without adding an excessive noise 
contribution that would make the signal unmanageable by the following stages. The 
LNA’s key characteristics are its gain (G) and noise figure (NF). Secondary, but still 
important parameters are linearity, power consumption and port matching.
Figure 2. 
Antenna front end (AFE) typical RF performance: gain (dashed) and NF (solid). Operating BW is 
0.5–18 GHz.
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All these parameters are influenced by on the maximum operating frequency, 
bandwidth and semiconductor technology. Understandably, performance tends to 
degrade as the frequency and bandwidth increase. Ideally, G should be high while 
NF should be the lowest possible. Below 10 GHz, 30 dB gain and less than 1.0 dB NF 
are suitable numbers, reachable when the circuits are realized in III–V compound 
semiconductors[2]. Above 10 GHz, some degradation has to be accepted in terms of 
greater NF and smaller gain.
The impact of the LNA’s NF and G on system performance can be estimated 
using Friis’ well-known formula that computes the system’s cascade noise figure as 
a function of each stages’ NF and G. An important consequence of this formula is 
that the overall NF of a radio receiver is primarily established by the NF of its first 
amplifying stage.
Subsequent stages have a weaker effect on signal-to-noise ratio. For this reason, 
the first stage amplifier in a receiver should be the LNA. Otherwise, as in Figure 1, 
the trade-off between NF and robustness (protection against strong interference) 
must be accepted.
Regarding the semiconductor, GaAs represents an interesting trade-off between 
performance and technology readiness level. GaN is slightly less performing, in 
terms of NF, but has the benefit of handling much more power, making it suitable in 
receivers where the presence of strong signals is foreseen.
An LNA must satisfy linear, noise, power and intermodulation requirements. 
Often linear and noise performance require opposite design choices, i.e. matching 
for noise or matching for gain. Simultaneously satisfying requirements often in 
contrast between them is not simple at all.
Luckily enough, many design strategies have been described, s dome of which 
dating back to the 1970s [3] up to more recent ones [4]. In the latter, a comprehen-
sive design strategy that simultaneously accounts for linear and noise requirements 
is presented. Most of these strategies have a limited bandwidth since feedback is 
computed at the central design frequency. In [5] a survey of GaAs LNAs operating 
at very different frequencies (from 5 to more than 100 GHz) is presented. The most 
suitable design technique is indicated depending on the LNA’s operating frequency.
On the other hand, there are other deign topologies, mainly distributed, that are 
capable of obtaining UWB performance. Figure 3 depicts the circuit schematic and 
micro-photo of decade bandit LNA operating between 2 and 18 GHz [6].
The LNA depicted in Figure 3, demonstrates 23 dB typical gain and 4 dB typical 
NF over the entire 2–18 GHZ BW. Another interesting feature is its capability of 
withstanding high input power signals, demonstrated up to 10 W RF continuous 
wave. Gain and noise figure of the LNA reported in [6] is plotted in Figure 4, 
Figure 3. 
Schematic circuit topology (left) and micro-photograph (right) of an UWB 2–18 GHz GaN UWB distributed 
LNA.
23
UWB Circuits and Sub-Systems for Aerospace, Defence and Security Applications
DOI: http://dx.doi.org/10.5772/intechopen.87095
demonstrating the LNA’s capability to obtain more than 20 dB over a very wide 
operating BW. In the same condition, the NF averages at 3 dB.
2.1.2 Switching circuits
Switching circuits in microwave system are used to implement signal routing 
therefore performing path selection. Usually they have one common input port and 
N possible output ports, and only one can be selected at a certain instant.
The switching device can be either a diode or a Field Effect Transistor (FET). 
As usual, each possibility has its pros and cons, and will be discussed in the follow-
ing. The diode switch has better loss performance; it can be fractions of dB even at 
tenths of GHz. On the contrary, FET switches are quite lossy and very easily reach 
1–2 dB insertion loss even below 10 GHz. Apart from this very important param-
eter, all other aspects tend to be in favour of the FET.
Firstly, the FET is voltage controlled and does not dissipate any DC power thanks 
to the very high impedance of the gate terminal. On the contrary, diodes require a 
large current to achieve their low loss state, and therefore some DC power is dis-
sipated across the diode. Secondly, the FET has faster switching time, i.e. the time 
required to select a different output once the appropriate external command has 
been received. The switching time in FET switches can be as low as a few nanosec-
onds. Diode switches may require tenths of nanoseconds to change their state since 
the direction of the bias current needs to be reversed, and this is not immediate 
considering the stray capacitances in the control section and the diode itself. Finally, 
FET switches are more robust and linear, especially if realized in wide band-gap 
semiconductors as GaN. They can tolerate up to tenths of Watts, while the switch 
diodes seldom survives incident powers above a few Watts.
Isolation, i.e. the unwanted leakage to an unselected path, is another important 
parameter in switches. However, this performance mainly depends on the selected 
switch topology, rather than the selected technology.
The frequency behaviour of the two technologies is comparable, especially when 
small gate length transistors are employed. In both cases, diodes and FETs, accept-
able performance up to 50 GHz, and even beyond, are achievable.
Consequently, the choice between FET and diode switches, should be carried 
out considering losses, power handling and switching time requirements.
Several UWB switching topologies have been proposed and validated. Typically, 
an inductor is inserted in the switching circuit to resonate the diode’s or FET’s OFF-
state parasitic capacitance [7]. A resistor is also inserted, in this way a more uniform 
behaviour is obtained over a larger operating BW. The schematic applying this 
Figure 4. 
UWB 2–18 GHz GaN distributed LNA simulated vs. measured gain (left) and NF (right).
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Firstly, the FET is voltage controlled and does not dissipate any DC power thanks 
to the very high impedance of the gate terminal. On the contrary, diodes require a 
large current to achieve their low loss state, and therefore some DC power is dis-
sipated across the diode. Secondly, the FET has faster switching time, i.e. the time 
required to select a different output once the appropriate external command has 
been received. The switching time in FET switches can be as low as a few nanosec-
onds. Diode switches may require tenths of nanoseconds to change their state since 
the direction of the bias current needs to be reversed, and this is not immediate 
considering the stray capacitances in the control section and the diode itself. Finally, 
FET switches are more robust and linear, especially if realized in wide band-gap 
semiconductors as GaN. They can tolerate up to tenths of Watts, while the switch 
diodes seldom survives incident powers above a few Watts.
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parameter in switches. However, this performance mainly depends on the selected 
switch topology, rather than the selected technology.
The frequency behaviour of the two technologies is comparable, especially when 
small gate length transistors are employed. In both cases, diodes and FETs, accept-
able performance up to 50 GHz, and even beyond, are achievable.
Consequently, the choice between FET and diode switches, should be carried 
out considering losses, power handling and switching time requirements.
Several UWB switching topologies have been proposed and validated. Typically, 
an inductor is inserted in the switching circuit to resonate the diode’s or FET’s OFF-
state parasitic capacitance [7]. A resistor is also inserted, in this way a more uniform 
behaviour is obtained over a larger operating BW. The schematic applying this 
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UWB 2–18 GHz GaN distributed LNA simulated vs. measured gain (left) and NF (right).
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technique is depicted in Figure 5 (left) together with its physical implementation 
(right). The two compensating inductors and resistors are labelled with L1/ R1 and 
L2/R2, while the two compensated FETs are Q 1 and Q 2.
The UWB switch shows an insertion loss lower than 2.2 dB, an isolation higher than 
25 dB, and a power handling capability better than 38.5 dBm at the 1 dB compression 
point in the entire bandwidth. The SPDT’s key performance is plotted in Figure 6.
GaN-HEMT technology therefore demonstrates a good level of maturity for 
microwave power switch applications and as such is becoming the reference tech-
nology for specific high-end applications.
2.2 Transmit/receive modules
Transmit/receive modules (TRM) are the key building block of most telecom-
munication apparatus, Radars and many other Electronic Systems. Their role is to 
process the RF signal in both operating modes: transmit and receive. Typically, a 
TRM operates in a half-duplex manner, i.e. in a certain instant it is either in receive 
mode or in transmit mode, therefore processing either a received signal or a signal 
to be transmitted. A possible schematic diagram of a T/R module is reported in 
Figure 7; a TRM is always connected in some way to a radiating element (Ant).
In order to keep the dimension of the TRM as small as possible, some circuits are 
involved in both transmit and receive mode and therefore need to process the signal 
independently form the port at which it arrives. Referring to Figure 7, such compo-
nents are the switches (SWT), the attenuator (ATN) and the phase shifter (PHS). 
Incidentally, the latter is required in systems that perform beam steering and can 
be avoided elsewhere. The attenuator instead can be inserted for multiple purposes: 
it can be used to prevent strong RF signals leaking to the following circuits or to 
obtain beam amplitude tailoring, in phased arrays.
Critical components are the LNA, already described, and the high-power 
amplifier (HPA) described in the following section. Another critical component 
is the switch connected to the antenna port. The key feature of this element is to 
show very low losses. High losses would entail an unacceptable degradation of both 
received and transmitted signal. In the past, for high frequency applications, this 
element was often a bulky ferrite circulator. With the advent of GaN semiconduc-
tor, well-known for its superior power handling capabilities, MMIC technology has 
become the standard. Finally, the gain control section in the receive path is used to 
attenuate strong incoming signals. It is seldom used in transmit mode, since in most 
application the goal is to transmit as much RF power as possible.
Figure 5. 
Schematic circuit topology (left) and micro-photograph (right) of an UWB 2–18 GHz GaN switch.
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In Electronic Warfare systems, which notoriously manage UWB signal to con-
trast different emitters, the maximum to minimum operating frequency of the TRM 
can be as high as 6-to-1. Higher ratios became unfeasible since the increase in the 
BW would be obtained to detriment of performance, and, in any case, it could be 
impractical since it is very challenging to design directional antennas having wider 
bandwidths anyway.
For other aerospace and avionics applications, the operating BW is typically 
20–40% the value of the central operating frequency.
Figure 8 reports the key-parameters of a highly-integrated GaAs-based compact 
TRM for EW [8].
The typical output power is around 5 W (37 dBm) while the RX gain is on 
average 20 dB. Such performance was accomplished through Multifunction chips 
and ASIC component integration in new multi-layers technology (Roger 4003/Cu/
FR4) were adopted in order to reduce cost, space, production life cycle and increase 
integration level. High output power in the transmit mode was achieved using a 4 W 
wideband amplifier and by minimizing circulator loss.
2.2.1 High-power amplifiers (HPA)
The HPA is the key component of any microwave transmission systems, and its 
performance may have a huge impact on the final system architecture.
Its role is to boost the transmitted signal’s power without adding undesirable 
signals generated by distortion. At the same time, the HPA should be efficient, in 
terms of its capability of transforming to the power provided by the DC supply RF 
power. From a technology point of view, they come in at least two variants: vacuum 
Figure 6. 
UWB 2–18 GHz GaN switch measured insertion loss and isolation over the full operating BW (left) and non-
linear performance at 12 GHz (right).
Figure 7. 
Schematic diagram of a TRM.
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tubes and solid state circuits. With the advance of semiconductor technologies, 
vacuum tubes are becoming a legacy product. Nonetheless, they still provide a valu-
able solution when the power to be transmitted is in the order of tenths of kilowatts. 
Typically this requirement is related with a few avionic and spaceborne applica-
tions. The advantages of solid state device in terms of ruggedness, size, reliability, 
performance and cost are such that, whenever a solid state alternative becomes 
accessible, it quickly becomes adopted by the System Engineering team.
Since its first appearance in R&D labs at the beginning of the new millennium, 
GaN has travelled a long way, and has now become the standard semiconductor, 
even in ADS systems, where reliability and process repeatability is a main concern. 
The advantages of GaN, over other III–V semiconductor, for high-power and high-
frequency systems, reside on its capability to deliver a high amount of RF power 
in a small footprint, with little or none thermal management issues. Especially the 
last feature, make GaN attractive for ADS applications, often operating in harsh 
thermos-mechanical environments.
MMIC GaN HPAs are capable of delivering hundreds of Watts at low microwave 
frequency (<5 GHz), tenths of watts at microwave frequencies (5–20 GHz), and 
some Watts even at millimetre-wave.
Figure 8. 
Key performance of an UWB 6–18 GHz GaAs TRM output power in TX (top) and gain in RX (bottom).
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Scientific literature focusing on the design of HPAs is practically infinite, and 
here we will give an extremely short hint on some design topologies. Usually HPA 
are synthesized by combing, at the HPAs output, the power provided by some FETs 
(where some is usually a power of 2). Moreover, suitable techniques can be applied 
to increase the output power and efficiency [9]. These techniques rely on synthesiz-
ing the output impedance to respect an optimum condition both at the operating 
frequency and also at its higher order harmonics. As you can imagine this can be 
complicated, especially in wideband applications.
If a very large BW is sought, then other circuit topologies become handy. For 
example, distributed amplification is well known for its UWB frequency response. 
Simultaneously, a cascode transistor topology can be applied [10], increasing even 
more the amplifier’s BW.
3. Back-end systems and their circuits
As briefly described in Section 1, a microwave back-end system is responsible 
for delivering the RF signal—or better its information content—to the ADC and 
consequently the DSP unit or to the low-frequency (often referred to as VIDEO) 
analogue stages.
Typically, this is accomplished through frequency conversion, when the DSP 
performs A/D sampling, or by performing some manipulation on the RF signal so 
its power and/or frequency component can be determined by the subsequent stages.
3.1 Frequency conversion
UWB downconverters and up-converters usually require multi-stage conver-
sion plan since a single frequency conversion would not be able to eliminate all over 
spurs or leakage of the Local Oscillator (LO) signal. In fact, a very large sweep of LO 
frequency would be needed to down-convert the required portion of the large input 
RF BW into the smaller Intermediate Frequency (IF) BW. Therefore, at some point, 
there will be inevitably a strong intermodulation product or harmonic of LO that 
would fall in the IF BW. To overcome this issue a multi-stage frequency conversion 
topology, depicted in Figure 9, is advisable when the RF BW is large.
Here we will discuss in detail the down-converter architecture, but similar 
assumptions and design goals hold for the up-converter.
The first stage of the schematic depicted in Figure 9, is the filter bank, so the 
UWB signal RF IN signal is split into smaller adjacent sub-bands. Typically, each 
sub-band is less than an octave, and consequently the number of filters depends on 
Figure 9. 
Multi-stage down-converter topology.
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the ratio of the maximum to minimum RF IN frequency. In this way, the input RF 
signal is preselected ensuring that only the required portion of the input RF BW is 
fed to the following stages.
The next section consists in a frequency translation, performed by a set of 
mixers. Even in a downconverter system, often this first section of mixing performs 
an up-conversion. This is to shift the spurs to a very high frequency, well above the 
IF1 range. The value of LO1 is inversely proportional to the selected RF frequency. 
In this way, the sum of incoming RF IN signal and LO is constant and equal to IF1. 
Keep in mind that, the first stage is typically an up-converter even if the overall 
sub-system performs down-conversion. Some variable gain is also inserted in the 
RF chain to level out the gain response. In fact, as the input RF frequency increases, 
the RF losses become more evident and need to be compensated by lowering the 
attenuation accordingly.
At this point, all the desired signal falls within IF1, whose BW is much smaller 
than the UWB signal. RF IN, and can now be more easily down-converted to IF2 
which is the sub-system’s output frequency. A single LO2 frequency is sufficient in 
most cases, while in other UWB applications a variable LO2 could be required. In 
some extreme cases, for example when the RF BW is larger than a decade, a triple 
frequency conversion could be required [10].
This topology is definitively more complex than the single down-converter case, 
and requires a high frequency IF1 which often could be in the millimetre wave-
length. Undoubtedly, such system complexity is the price to pay for having a UWB 
down-converter with high spurious free dynamic range (i.e. negligible spurs or LO 
harmonics falling in the IF OUT BW).
A key performance indicator of a frequency-converter is the Spurious-Free 
Dynamic-Range (SFDR). This parameter quantifies the ratio (expressed in dB) 
between the fundamental (desired tone) and the intermodulation product hav-
ing the highest power inside the IF band. SFDR can be seen as an indicator of the 
down-converter’s capability to perform its characteristic function without injecting 
unwanted signals at the output IF. Such unwanted signals, referred to as intermodu-
lation components (defined in the following Section 3.1.1) can be mistaken by the 
receiver as low power real signals, but in reality they are an unwanted by-product of 
the real signal’s down-conversion.
Intermodulation products are unavoidable, however the important matter is 
that they are below a given threshold therefore becoming undetectable and will not 
produce ‘false signals’ at system level. SFDR usually has a characteristic behaviour 
vs. frequency since, referring to Figure 9, LO1 and LO2 change in order to select 
different input RF bands, and therefore will produce different intermodulation 
orders when down-converting different RF input bands. Figure 10 depicts the 
SFDR of an UWB 2–18 GHz downconverter [11] where a three Local Oscillators 
architecture is employed.
3.1.1 UWB mixers
Mixer circuits are employed to translate the information applied to the RF 
carrier to a different frequency, namely IF, more easily processed by other circuits, 
typically of a digital nature. Given the incoming RF signal, and the LO signal, the 
frequency components at output of the mixer are:
  Output spectrum = ∣ m ∗ RF + n ∗ LO ∣ (1)
where m and n are positive or negative or null integers. In a down-converter the 
desired Intermediate Frequency (IF) value is obtained when m = 1 and n = −1 or 
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vice versa. In an up converter, IF appears instead of RF in the previous relation and 
m = n = 1 applies.
LO frequency is selected to trade-off between feasible LO values and harmful 
intermodulation products falling close to IF frequency. Undesirable intermodula-
tion components are obtained when m ≠ 1 or n ≠ 1. The order of the intermodula-
tion product is defined as: order = m + n. Usually the power level decreases as the 
order increases.
UWB mixers are typically realized through a double balanced, or double-double 
balanced (sometimes referred to as a triple) topology to eliminate the most annoy-
ing intermodulation and LO harmonics. Spurs and harmonic rejection is accom-
plished by appropriately combining the mixing signal through hybrid quadrature 
couplers (BALUNs or similar circuits). Ultimately, the UWB behaviour is limited 
by the coupling structures since the mixing device’s behaviour can be considered 
ideal. UWB mixers often came in a connectorized package as the example depicted 
in Figure 11. It is also possible to obtain UWB Mixers in MMIC technology, however 
it is more difficult to realize UWB combiner/splitters in the confined dimensions 
required by MMICs.
An extensive description on the of mixers and their property can be found in 
Dr. Maas’s comprehensive study: Microwave Mixers [12].
Figure 10. 
Multi-stage down-converter SFDR vs. frequency.
Figure 11. 
Example of connectorized mixer (photo courtesy of Marki Micorwave).
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3.2 Microwave measurements
In some applications, the incoming RF signal is unknown and therefore the 
system requires to quickly determine some of its key features, for example, car-
rier frequency and envelope power. Performing these measurements on UWB RF 
signals using only Digital HW can be complicated, or in some cases even impos-
sible considering the power and frequency limitations of Silicon based technology. 
For this reason, microwave circuits have to be inserted in the receiving system to 
perform preliminary yet fast signal characterization.
3.2.1 RF power measurement
The power measurement of an RF signal is commonly performed by appropri-
ately feeding the RF signal to a diode—or to an array of diodes.
The diode has a well-known input-to-output square law characteristic, around 
the origin, when the diode is slightly forward biased. The signal coming out from the 
diode is composed by the even order harmonics of the incident RF signal and, most 
of all, its zero order term that is a DC voltage. The latter is captured by the following 
stages to perform the power measurement. There are several circuits that are capable 
of performing such functions, and their topology depends on the overall BW of the 
RF signal and also its dynamic range, i.e. the maximum to minimum power ratio to 
be analysed. A simplified block diagram of the diode detector is shown in Figure 12, 
together with the waveforms at each section of the circuit.
A detector logarithmic video amplifier (DLVA) consists of a diode detector fol-
lowed by a logarithmic video amplifier (LVA), and its simplified schematic is given 
in Figure 13.
As explained before, the diode (detector circuit) converts RF signal into a DC 
voltage which is then fed to an amplifier with a logarithmic transfer function. Let us 
analyse the role of the two circuits.
The diode’s quadratic law provides the DC voltage component of the incoming 
RF signal. The level of such DC voltage can vary significantly: from tenths of μV 
to some Volts. The ratio between the maximum and minimum voltage could be 
unacceptable for the subsequent processing stages. A LVA is therefore inserted to 
compress the dynamic and make it more usable for the following stages. In fact, the 
log amplifier will greatly amplify the weak signals leaving the strong signal practi-
cally unaffected. It is worthwhile noting LVA’s operating BW is a few tenths of MHz 
Figure 12. 
Simplified schematic of a diode detector and waveforms at each node of the circuit.
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as opposed to the incoming signal which may be a few tenths of GHz. The dotted 
line in Figure 14 depicts the linear relationship between input power in dBm and 
output power in Volts when using a LVA after the diode. The same Figure 14 reports 
also the I/O characteristic without LVA, solid line.
It appears that the log relationship is very useful for performing power mea-
surements, since its gradient is constant (approximately 25 mV/dB in Figure 14). 
The response without LVA is practically null up to −5 dBm and then rises instanta-
neously to +1.0 V after −5 dBm, making it unpractical. When dynamic range is not 
critical, a DLVA with a 30- or 40-dB dynamic range may provide sufficient perfor-
mance to help capture and process all signals present.
When the dynamic range of the incoming RF signal is greater than the one 
accepted by the diode, then the schematic depicted in Figure 15 can be used to 
increase the system’s dynamic range.
Basically, the input signal is split in two paths: one path having high RF gain and 
one path having low RF gain hence an RF attenuated path. Then, the VIDEO signal 
coming out from both DLVAs is summed at the output.
The principle of operation is the following: when the signal is low, only the ampli-
fied DLVA detects thanks to the RF gain (G) before the DLVA. When the signal power 
level becomes high, the gain path is practically saturated, delivering a constant voltage 
value, while the attenuated (Att) path performs the additional power measurement 
whose voltage is increased by the constant term coming from the saturated gain path.
Finally, it is worthwhile noting that the BW of these circuits is practically limited 
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as opposed to the incoming signal which may be a few tenths of GHz. The dotted 
line in Figure 14 depicts the linear relationship between input power in dBm and 
output power in Volts when using a LVA after the diode. The same Figure 14 reports 
also the I/O characteristic without LVA, solid line.
It appears that the log relationship is very useful for performing power mea-
surements, since its gradient is constant (approximately 25 mV/dB in Figure 14). 
The response without LVA is practically null up to −5 dBm and then rises instanta-
neously to +1.0 V after −5 dBm, making it unpractical. When dynamic range is not 
critical, a DLVA with a 30- or 40-dB dynamic range may provide sufficient perfor-
mance to help capture and process all signals present.
When the dynamic range of the incoming RF signal is greater than the one 
accepted by the diode, then the schematic depicted in Figure 15 can be used to 
increase the system’s dynamic range.
Basically, the input signal is split in two paths: one path having high RF gain and 
one path having low RF gain hence an RF attenuated path. Then, the VIDEO signal 
coming out from both DLVAs is summed at the output.
The principle of operation is the following: when the signal is low, only the ampli-
fied DLVA detects thanks to the RF gain (G) before the DLVA. When the signal power 
level becomes high, the gain path is practically saturated, delivering a constant voltage 
value, while the attenuated (Att) path performs the additional power measurement 
whose voltage is increased by the constant term coming from the saturated gain path.
Finally, it is worthwhile noting that the BW of these circuits is practically limited 
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of processing RF signals up to tenths of GHz. Diode operating at 50 GHz are not 
uncommon.
Another way to increase the system’s dynamic range is to use a SDLVA topology, 
schematically depicted in Figure 16.
An SDLVA (Successive Detection Logarithmic Amplifier) is similar to a DLVA 
however, the SDLVA circuit is designed in such a way that it does not need a detector 
before the logarithmic video amplifier. The SDLVA uses multiple compressive stages 
of RF gain to emulate the exponential transfer function. The output of each stage 
is coupled into a linear detector. The detector operates over a narrower dynamic 
range, which means that more detectors are needed to cover the same dynamic 
range.
The principle of operation is the following: when the RF signal power is low, all 
amplifiers operate in a linear condition (i.e. the output power is proportional to the 
input power) and consequently the DC voltage provided by the diode detector is 
proportional too. As the power increases, the final stages begin to saturate and their 
output is capped to a saturation value. Therefore, any additional output voltage 
will be delivered only from the first stages until they saturate too, saturating as a 
consequence the Video output at its maximum values.
The typical dynamic range of each detector is approximately 10 dB, which are 
then summed in a single video amplifier so as to provide a single detected output. 
The overall dynamic range is 10 × N dB where N is the number of amplifiers. 
N = 7–8 represents an acceptable trade-off between high dynamic range and circuit 
feasibility.
Figure 15. 
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3.2.2 RF frequency measurement
Microwave circuits can be profitably employed to perform an estimation of the 
carrier frequency of the incoming RF signal. This is all but a simple task. Nowadays, 
the advance of digital components has made feasible digital frequency measure-
ment up to 10 GHz and beyond. Even in this case, some form of microwave front-
end is required to prepare the signal for digital sampling. Above tenths of GHz, and 
considering UWB signals, pure digital frequency estimation becomes unpractical 
and microwave circuits have to be inserted.
UWB microwave circuits that perform frequency estimation are referred to as 
Instantaneous Frequency Measurement (IFM), whose very simplified schematic 
diagram is reported in Figure 17.
The RF input vin(t) = A cos(ωt), where ω = 2f and f is the instantaneous fre-
quency carrier, is hard-limit amplified and then split by a power divider in two 
equal amplitude signals, one of which is delayed with respect to the other through 
a delay line. Hard limitation consist in amplifying all incoming signal to a fixed 
power level—obviously within a feasible dynamic range. The role of the delay line is 
to out-phase the two signals coming from the power divider’s outputs by a quantity 
proportional to the frequency carrier.
The higher the frequency the more the two signals applied to the mixer will be 
out-phased.
Considering the relationship IF = |m*RF + n*LO| already introduced in Section 3.1.1, 
we have that the valuable mixer’s output will be a zero frequency product and 
therefore a DC voltage since RF and LO signals have, of course, the same carrier 
frequency. The amplitude of the DC voltage is proportional to cosine of the out-
phase between the two signals and therefore to the carrier frequency, trough the 
relationship:
  Vout (t) = K cos (ΔΦ) , (2)
and
  ΔΦ = 2𝜋𝜋 ∗ ΔL ∗ f / v p (3)
where ΔL is the difference between the physical distance of the delay line and 
the direct pat; f is the carrier frequency, while vp the speed of the EM wave in the 
medium. Higher order mixing terms are eliminated by the low-pass filter (LPF). 
The BW of such circuit is limited by the BW the power divider and the mixer. As a 
consequence, the delay is synthesized to implement π shift (maximum out-phase) 
at the components maximum operating frequency.
Very often Vout is digitized by means of a N-BIT analog-to-digital converter (ADC). 
This helps the subsequent stages since the information is provided digitally, but the 
information accuracy is limited by the number of BITs (typically not more than four) 
and quantization effects. To overcome this issue the scheme in Figure 18 is applied.
Figure 17. 
IFM simplified schematic.
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This helps the subsequent stages since the information is provided digitally, but the 
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Figure 17. 
IFM simplified schematic.
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Figure 19. 
Operational characteristics of a THREE-base harmonic IFM receiver.
Figure 20. 
UWB frequency measurement circuit simplified schematic.
Figure 18. 
Functional block diagram of a THREE-base harmonic IFM receiver.
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The input signal is split into N lines (three in the example depicted in Figure 18), 
the three signals are the delayed by appropriately dimensioned transmission liens. 
Each line has double the electrical length of the preceding section. Delay t1 is 
determined so that the signal measuring is unambiguous at the maximum operat-
ing frequency (worst case for ambiguity discrimination. In practice, the shortest 
time delay (t1) is used to resolve the frequency measurement ambiguities while the 
largest time delays (t2 = 2*t1 and t3 = 4*t1) provide a fine frequency measurement 
accuracy Δf3 = Δf1/8.
The three output voltages (Vout 1, 2 and 3) values vs. input frequency are 
depicted in Figure 19. Vout 1 (dashed line) is the only transfer function that is 
unambiguous vs. the input frequency. Therefore, this value is used to obtain a coarse 
yet unambiguous information of the input frequency. The other two voltages (Vout 
2 and 3) suffer from ambiguity, but their resolution (in terms of ΔV/Δf) is better 
and therefore provides an ambiguous yet accurate information. The real frequency 
estimation is performed by correlating the three output voltages values.
If a larger BW is sought, then the topology depicted in Figure 20 becomes 
useful.
The RF input signal is split in two or more paths. The number of parallel output 
branches depends on the BW of RF IN; a larger BW requires a greater number 
of paths. Once the signal has been divided, it is filtered into sub-bands and then 
translated, through mixing, at the frequency of operation of the IFM. The sum of 
RFn + LOn must be constant for each branch and equal to the operating frequency 
of the IFM. In order to determine the actual RF IN frequency, a detector—not 
reported in Figure 20—must be inserted in each branch so the system can dis-
criminate between the various possibilities. The branch in which the detector reads 
power corresponds to the sub-band of interest. In theory, the BW can be extended 
by increasing the number of adjacent sub-bands. There are practical limitations, 
and the number of sub-bands is seldom greater than four.
4. Multi-functional integrated circuits
The trend to integrate several function in one MMICs is unavoidable given the low 
SWaP-C constraints of modern electronic systems for high-end applications. At the 
moment it is possible to realize a full T/R module using only two MMICs, each one real-
ized in the appropriate semiconductor therefore leveraging its benefits and peculiarities 
[13], and possibly in the near future there will be an all-on-one multi-functional RF 
MMIC. Figure 21 depicts a transmit/receive module diagram, very similar to the one 
described in Section 2.2, where the area delimited by dotted lines indicate the two mul-
tifunctional MMICs that fulfil all TRM functionalities. The two MMICs are the Single 
Chip Front End (SCFE) and the Core-Chip (CC). The prior is directly connected to the 
antenna, while the latter to the microwave back-end and the DSP sections. Red and blue 
arrows indicate the direction of Rx and Tx signal. In some cases, black lines, the signal 
travels in both direction according to transmit or receive mode.
4.1 Single-chip front-end (SCFE)
As described in Section 2.2, RF TRMs are usually realized by interconnecting 
several functionalities fabricated on separate MMICs. Such an approach is somehow 
the result of the inability of a single compound semiconductor technology to prop-
erly carry out the main features normally required by an RF TRM. In some applica-
tions, such as active electronically scanned array (AESA), this multichip approach 
could result in a suboptimal overall system. Indeed, the density of the radiating 
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Figure 19. 
Operational characteristics of a THREE-base harmonic IFM receiver.
Figure 20. 
UWB frequency measurement circuit simplified schematic.
Figure 18. 
Functional block diagram of a THREE-base harmonic IFM receiver.
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4.1 Single-chip front-end (SCFE)
As described in Section 2.2, RF TRMs are usually realized by interconnecting 
several functionalities fabricated on separate MMICs. Such an approach is somehow 
the result of the inability of a single compound semiconductor technology to prop-
erly carry out the main features normally required by an RF TRM. In some applica-
tions, such as active electronically scanned array (AESA), this multichip approach 
could result in a suboptimal overall system. Indeed, the density of the radiating 
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elements, and thus the performance of the array, is directly related to the physical 
size of the overall TRM that is adopted behind each elementary radiating element. 
Thus, the availability of highly integrated front ends with sensible smaller foot print 
and weight could be very useful for such systems, since it would allow the increase 
of radiating elements density, leading to the performance maximization.
Recently, with the advance of highly performing and reliable commercial GaN 
processes, the concept of single-chip front end (SCFE) was investigated as a pos-
sible alternative to multichip TRMs.
Essentially, an SCFE is a single MMIC that integrates the three functionalities 
that are required for a half-duplex TRM, i.e. the HPA, the LNA, and the single-pole 
double-throw (SPDT) switch. GaN offers remarkable advantages in terms of reli-
ability, robustness, heat dissipation and power handling capability, as compared to 
GaAs counterparts for this specific application.
The limiter inserted before the LNA, in Figure 21, is optional, and depends on 
the maxim incident power and the LNA’s robustness.
Figure 22 depicts the schematic block diagram and implementation of a recently 
published SCFE [14].
4.2 Core chip (CC)
The same driver that pushes the advancement of SCFE circuits, generally 
referred to as low SWaP-C requirements, is behind the development of core-chips 
(CC) too.
As opposed to GaN used in SCFE, CCs are developed in GaAs thanks to its 
superior high frequency performance, and most of all the possibility to employ 
simultaneously enhancement and depletion mode transistor, which are the neces-
sary for the digital logic on board CCs.
Essentially, a CC is a single MMIC that integrates the three functionalities that 
are required for signal conditioning and routing in modern TRMs, i.e. the phase 
Figure 21. 
Two MMIC compact TRM.
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shifter, the attenuator, and the single-pole double-throw (SPDT) switches used to 
select the transmit and receive mode operations. All these functionalities require a 
large number of control signals to set the state of the attenuator, the phase shifter 
and the TX or RX mode. Typically these states are set through a dozen or more sepa-
rate controls and it is unfeasible to deliver them in parallel way (i.e. one interface 
pad for each control signal provided to the CC). A work-around for this problem 
consists in sending the control signal serially, and performing de-serialization 
on board. Such function requires circuits as Flip-Flop, latches, buffers and level 
shifters. Such circuits have a purely digital function, and are synthesized, as stated 
before, enhancement and depletion mode transistor, which are in Silicon based 
technology—having unfortunately a severe RF power and frequency limitation- 
and also GaAs that on the contrary is very suitable for high frequency RF signal 
conditioning.
Core chips come in, at least, two architectural variants. In the first, referred 
to separated architecture [15], the RF signal travels bi-directionally in the phase 
shifter and attenuator as depicted in Figure 23a. In the common-leg architecture, 
Figure 23b, the signal travels always in the same direction in both transmit and 
receive modes. More switches are required, at least three as opposed to the single 
T/R switch in separated architecture, to implements the correct routing of the 
single in Transmit and receive mode. Architecture (a) has the advantage of being 
more simple and compact, while architecture (b), although more complex, has 
the advantage of having amplifiers in the common leg (being mono-directional) 
therefore improving noise figure, gain and linearity performance.
The physical implementation of a CC operating at X-band (9–11 GHz) is 
reported in Figure 24 [14].
Finally, let us focus on the role of the Serial-to-Parallel converter (S2PC). At least 
13 lines (commands) are necessary to set the state of the 6-BIT phase shifter (ΔΦ), 
6-BIT Attenuator (ΔA) and SPDT switch for T/R mode setting. If the S2PC were 
not on board then 13 lines would have to be fed to the CC. With the insertion of the 
S2PC only one serial data line is necessary together with a clock line and an Enable 
command. Therefore only three command lines, plus a digital voltage supply line, as 
opposed to 13 or more. The S2PC is the very dense area depicted in Figure 24.
Figure 22. 
(a) Block diagram and (b) photograph of a realized SCFE operating around 22 GHz. Size is 49 mm2.
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on board. Such function requires circuits as Flip-Flop, latches, buffers and level 
shifters. Such circuits have a purely digital function, and are synthesized, as stated 
before, enhancement and depletion mode transistor, which are in Silicon based 
technology—having unfortunately a severe RF power and frequency limitation- 
and also GaAs that on the contrary is very suitable for high frequency RF signal 
conditioning.
Core chips come in, at least, two architectural variants. In the first, referred 
to separated architecture [15], the RF signal travels bi-directionally in the phase 
shifter and attenuator as depicted in Figure 23a. In the common-leg architecture, 
Figure 23b, the signal travels always in the same direction in both transmit and 
receive modes. More switches are required, at least three as opposed to the single 
T/R switch in separated architecture, to implements the correct routing of the 
single in Transmit and receive mode. Architecture (a) has the advantage of being 
more simple and compact, while architecture (b), although more complex, has 
the advantage of having amplifiers in the common leg (being mono-directional) 
therefore improving noise figure, gain and linearity performance.
The physical implementation of a CC operating at X-band (9–11 GHz) is 
reported in Figure 24 [14].
Finally, let us focus on the role of the Serial-to-Parallel converter (S2PC). At least 
13 lines (commands) are necessary to set the state of the 6-BIT phase shifter (ΔΦ), 
6-BIT Attenuator (ΔA) and SPDT switch for T/R mode setting. If the S2PC were 
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S2PC only one serial data line is necessary together with a clock line and an Enable 
command. Therefore only three command lines, plus a digital voltage supply line, as 
opposed to 13 or more. The S2PC is the very dense area depicted in Figure 24.
Figure 22. 
(a) Block diagram and (b) photograph of a realized SCFE operating around 22 GHz. Size is 49 mm2.
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5. Conclusions
UWB microwave circuits play a vital role in modern electronic systems for 
Aerospace, defence and Security applications. They are inserted to appropriately 
Figure 23. 
Block diagram of separated architecture CC (a) and common-leg architecture (b).
Figure 24. 
Photograph of a realized CC operating around 10 GHz. Size is 15 mm2.
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transfer the RF signal to/from the radiating element and perform some preliminary 
signal processing: phase and amplitude control, frequency conversion, and mea-
surement of some fundamental signal characteristic.
Topologies and technologies need to be carefully leveraged in order to obtain the 
best possible performance. While in the past the trend was to design one circuit to 
implement one functionality applying the divide-et-impera (divide-and-conquer) 
paradigm nowadays we are looking at all-in-one highly integrated solutions. Of 
course this integration comes to the expanse of much higher circuit synthesis and 
analysis complexity.
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Abstract
A coplanar waveguide (CPW)-fed third iteration inner tapered tree-shaped
ultra-wideband (UWB) fractal antenna for polarization diversity applications is
presented. The antenna comprises of two orthogonal fractal antenna structures to
achieve polarization diversity performance across the frequency spectrum of
4.7–19.4 GHz. An isolation of more than 15 dB is accomplished. The designed
antenna has a nearly omnidirectional radiation pattern with an average gain of
2.45 dB, very low values of envelope correlation coefficient and capacity loss, nearly
constant diversity gain (DG) and mean effective gain (MEG) values. The time
domain analysis results illustrated the low dispersion in the radiated pulse. The
designed antenna has advantages of wider bandwidth and miniaturized dimensions
along with good diversity performance. These advantages make the designed
antenna a promising candidate for future wireless communication systems having
multipath fading as a major concern.
Keywords: coplanar waveguide feeding, fractal antenna,
polarization diversity antenna, ultra-wideband antenna
1. Introduction
In 2002, FCC allocated the unlicensed frequency spectrum from 3.1 to 10.6 GHz
for ultra-wideband (UWB) technology [1]. After this allocation, ultra-wideband has
received attention from wireless communication experts owing to its advantageous
features like wider bandwidth, low cost, low susceptibility to multipath fading,
reduced probability of detection and intercept and potentially high data rates. In a
highly dense and dynamic environment, the UWB systems suffer from multipath
fading due to reflection and diffraction. This multipath fading results into the
degradation of signal-to-noise ratio (SNR) and channel capacity.
An effective method to resolve these multipath fading issues is the incorporation
of antenna diversity techniques in wireless communication systems. Several types
of diversity, such as space/spatial, pattern and polarization diversity, have been
already proposed and implemented to receive multiple signals [2–4].
In a diversity scheme, the power or signal-to-noise ratio of the received signal is
optimized by the selection or combining of output signals in several ways like
selection combining, equal gain combining or maximal ratio combining. The
detailed description of diversity combining techniques is available in [5, 6].
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In 2002, FCC allocated the unlicensed frequency spectrum from 3.1 to 10.6 GHz
for ultra-wideband (UWB) technology [1]. After this allocation, ultra-wideband has
received attention from wireless communication experts owing to its advantageous
features like wider bandwidth, low cost, low susceptibility to multipath fading,
reduced probability of detection and intercept and potentially high data rates. In a
highly dense and dynamic environment, the UWB systems suffer from multipath
fading due to reflection and diffraction. This multipath fading results into the
degradation of signal-to-noise ratio (SNR) and channel capacity.
An effective method to resolve these multipath fading issues is the incorporation
of antenna diversity techniques in wireless communication systems. Several types
of diversity, such as space/spatial, pattern and polarization diversity, have been
already proposed and implemented to receive multiple signals [2–4].
In a diversity scheme, the power or signal-to-noise ratio of the received signal is
optimized by the selection or combining of output signals in several ways like
selection combining, equal gain combining or maximal ratio combining. The
detailed description of diversity combining techniques is available in [5, 6].
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For good diversity performance, the received signals should have very low
correlation between them [7]. An increase in correlation reduces the combining
efficiency. In a spatial diversity scheme, a large separation (compared to wave-
length) between the antennas is used to achieve decoupling between signals. This
large space requirement limits the use of this diversity method. To overcome this
drawback, other techniques such as pattern or polarization diversity [8, 9] are
investigated. These alternate techniques involve the use of two or more antenna
elements with different radiation patterns [10]. An UWB system with polarization
diversity technique has potential applications in advanced instruments used for
microwave imaging, radar and high-speed data transfer. Some UWB polarization
diversity antennas are already reported in the literature [11–28]. However, the
application of those available structures is limited due to their large dimensions,
multilayer structure, complex feedline, complex geometries, etc.
Among the various bandwidth enhancement techniques, the use of fractal
geometries is proven to be a good method. Fractal antenna structures have a com-
pact size and wideband performance due to properties of self-similarity, space
filling and effective energy coupling properties [29].
In this chapter, a compact CPW-fed UWB fractal antenna with polarization
diversity performance is presented. The bandwidth of the antenna structure [29]
is enhanced by loading the coplanar ground planes with a quarter wavelength
long rectangular notches. Two identical copies of this antenna structure are arranged
orthogonally to achieve good interport isolation and orthogonal polarization diversity
performance without affecting the UWB performance. In the following sections,
antenna design description is followed by discussion of frequency domain analysis
results, time domain analysis results and diversity performance parameter calcula-
tion. Finally, it is concluded with major findings of this chapter.
2. Antenna design
The geometry of the antenna structure is demonstrated in Figure 1, and its
optimized dimensions are listed in Table 1. It is etched on a 1.6 mm thick FR-4
Figure 1.
Geometry of the antenna.
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epoxy substrate having a relative permittivity of 4.4 and loss tangent of 0.02. All the
dimensions are optimized by using finite element method (FEM)-based Ansoft’s
high-frequency structure simulator (HFSS) [30]. During simulation, the radiating
patch and ground planes are assumed to be perfect electrical conductors. The
antenna structure is designed in two steps.
The fourth iterative fractal geometry of radiator is derived from a rectangular
monopole by loading it with a pair of triangular notches on its edges. The flow chart
of designing the intermediate design steps is presented in Figure 2. The intermedi-
ate design steps for radiator geometry are shown in Figure 3. The iteration structure
dimensions are governed by Eq. (1):
Rn ¼ Rn�1rn (1)
Table 1.
Dimensions of the designed polarization diversity antenna.
Figure 2.
Flow chart of designing initial radiator geometry.
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For good diversity performance, the received signals should have very low
correlation between them [7]. An increase in correlation reduces the combining
efficiency. In a spatial diversity scheme, a large separation (compared to wave-
length) between the antennas is used to achieve decoupling between signals. This
large space requirement limits the use of this diversity method. To overcome this
drawback, other techniques such as pattern or polarization diversity [8, 9] are
investigated. These alternate techniques involve the use of two or more antenna
elements with different radiation patterns [10]. An UWB system with polarization
diversity technique has potential applications in advanced instruments used for
microwave imaging, radar and high-speed data transfer. Some UWB polarization
diversity antennas are already reported in the literature [11–28]. However, the
application of those available structures is limited due to their large dimensions,
multilayer structure, complex feedline, complex geometries, etc.
Among the various bandwidth enhancement techniques, the use of fractal
geometries is proven to be a good method. Fractal antenna structures have a com-
pact size and wideband performance due to properties of self-similarity, space
filling and effective energy coupling properties [29].
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long rectangular notches. Two identical copies of this antenna structure are arranged
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antenna design description is followed by discussion of frequency domain analysis
results, time domain analysis results and diversity performance parameter calcula-
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epoxy substrate having a relative permittivity of 4.4 and loss tangent of 0.02. All the
dimensions are optimized by using finite element method (FEM)-based Ansoft’s
high-frequency structure simulator (HFSS) [30]. During simulation, the radiating
patch and ground planes are assumed to be perfect electrical conductors. The
antenna structure is designed in two steps.
The fourth iterative fractal geometry of radiator is derived from a rectangular
monopole by loading it with a pair of triangular notches on its edges. The flow chart
of designing the intermediate design steps is presented in Figure 2. The intermedi-
ate design steps for radiator geometry are shown in Figure 3. The iteration structure
dimensions are governed by Eq. (1):
Rn ¼ Rn�1rn (1)
Table 1.
Dimensions of the designed polarization diversity antenna.
Figure 2.
Flow chart of designing initial radiator geometry.
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Figure 3.
Designing stages of proposed MIMO antenna element (a) Zeroth iteration, (b) First Iteration (c) Second
Iteration (d) Third Iteration (e) Third iteration with ground notch.
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where:
n = iteration number = 2 or 3.
R1 = dimension of the first iteration, i.e. L1, W1 and Wm1.
Rn = dimension of the nth iteration.
r = iterative ratio = 0.4.
In the first step, the dimensions of radiating patch are unaltered. The bandwidth
of inner tapered tree-shaped fractal antenna is enhanced by loading the ground
plane with quarter wavelength rectangular notches to excite an additional
resonance at 18.6 GHz. The dimensions of notch are governed by Eq. (2):
Lr ¼ c4f r
≈Lslot þ 2�Wslot (2)
Lr = electrical length of slot for resonance.
fr = resonance frequency = 18.6 GHz.
In the second step, two identical structures designed in the first step are placed
orthogonal to each other. The air gap between the two structures and their locations
are optimized. All the frequency domain results are calculated by using HFSS. The
time domain results and diversity performance parameters are analysed by using
CST MWS [31].
3. Results and discussion
The intermediate antenna design steps are compared in terms of their S11 curves
in Figure 4. It is observed that the bandwidth is increasing with an increase in
iteration. For further increase in iteration, no significant improvement is observed.
The reflection coefficient curves for the initial antenna structure with and without
ground notches are illustrated in Figure 5. Its quantitative analysis is listed in
Table 2. It is observed that the lower band edge frequency is negligibly changed,
whereas the higher band edge frequency is shifted from 16.4 GHz to 19.4 GHz in
the case of notch-loaded ground plane. The initial resonances are slightly shifted to
higher frequency with an additional resonance.
3.1 Frequency domain
The designed diversity antenna structure is simulated by using HFSS and CST
MWS simulators. The variations of simulated scattering parameters with frequency
are demonstrated in Figure 6. The quantitative analyses of bandwidth for two
antenna elements used in designed antenna structure are presented in Table 3.
From Figure 6 and Table 3, it is observed that there are some discrepancies among
the two simulation results. These discrepancies can be attributed to the different
mesh size suitable for numerical techniques on which the simulators are designed.
In addition to mesh size, it is also important to mention that in CST MWS the
structure can be solved in single pass instead of solution for different frequency
spectrum, i.e. 1–2, 2–4, 4–8, 8–16 and 16–32 GHz in HFSS. The differences between
the S11 and S22 characteristics are due to asymmetrical structure with respect to
substrate. A good isolation of more than 15 dB is achieved. The designed antenna
has resonances at the frequencies of 6, 8, 10.8, 15.8 and 18.8 GHz.
The comparison among the designed antenna and previously reported polariza-
tion/pattern diversity antenna structures is listed in Table 4. It is observed that the
designed antenna has wider bandwidth, good isolation and miniaturized dimen-
sions than other structures.
45
Inner Tapered Tree-Shaped Ultra-Wideband Fractal Antenna with Polarization Diversity
DOI: http://dx.doi.org/10.5772/intechopen.86071
Figure 3.
Designing stages of proposed MIMO antenna element (a) Zeroth iteration, (b) First Iteration (c) Second
Iteration (d) Third Iteration (e) Third iteration with ground notch.
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The simulated radiation patterns of two antenna elements at the resonance
frequencies of 6, 8, 10.8, 15.8 and 18.8 GHz in all three planes are illustrated in
Figure 7. From Figure 7, it is observed that the antenna structures have bidirec-
tional and omnidirectional patterns at lower frequencies. At higher frequencies,
the patterns are distorted omnidirectional in nature due to the excitation of
higher-order modes at those frequencies. It is also clearly observable that the
patterns of both antenna structures have a phase difference of 90° in each plane as
desirable.
Figure 5.
Reflection coefficient versus frequency characteristic of single antenna element.
Table 2.
Bandwidth comparison of single antenna element with and without ground notch.
Figure 4.
Reflection coefficient of intermediate antenna design steps.
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Figure 8 illustrates that the peak realized gain of Antenna I is varying from 0.52
to 4.98 dB with an average of 3.5 dB over the operating frequency band. It also
presents that the gain of Antenna II is varying between 1.43 and 3.5 dB with an
average of 2.45 dB.
The variations of radiation and total efficiencies with frequency for both
antenna elements are shown in Figure 9. The radiation efficiencies of both antenna
elements are more than 0.7 with an average of more than 0.86. Similarly, the total
efficiencies have an average of 0.83. The efficiencies are decreasing with an increase
in frequency due to the use of lossy FR-4 substrate.
Figure 6.
Scattering parameters versus frequency characteristics of the designed antenna.
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3.2 Time domain
During time domain analysis, two identical antenna structures are arranged in
two major configurations, i.e. face to face and side by side as shown in Figure 10. In
each of these configurations, one port is excited, whereas the other port is termi-
nated with a matched load. The antenna structure is excited with a Gaussian pulse
having a centre frequency of 13 GHz and bandwidth of 1–25 GHz. The normalized
amplitudes of the transmitted and received signals are presented in Figure 11. From
these normalized amplitudes, the correlation between the two signals, i.e. system
fidelity factor, is calculated by using Eq. (3). The calculated values of system fidelity
factor for four cases are listed in Table 5. The values listed in Table 5 indicate that
the signal is slightly distorted in side-by-side configuration in comparison to face-
to-face configuration for both cases.
Table 3.
Bandwidth of two ports.
Table 4.
Comparison of designed antenna with other UWB diversity antenna.
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F ¼ max
Ð∞
�∞ st tð Þsr t þ τð ÞdτÐ∞
�∞ st tð Þj j2dt
Ð∞
�∞ sr tð Þj j2dt
" #
(3)
where st(t) and sr(t) are the transmitted and received pulses and τ is the group
delay. The variations of group delay with respect to frequency for all four cases are
illustrated in Figure 12. It is observed that the group delay has its variations less
than 1 ns over the entire band of operation.
3.3 Diversity performance
To analyse the diversity performance of the designed antenna, various parame-
ters like envelope correlation coefficient, diversity gain (DG) and mean effective
gain (MEG) are to be calculated from s-parameters or farfield patterns. The enve-
lope correlation coefficient (ECC) signifies the correlation between the radiation
patterns of two antenna elements. For the designed antenna structure, ECC (ρe) is
Figure 7.
Radiation patterns of the two antenna elements in XY, YZ and ZX planes.
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calculated by using Eq. (4) [32]. The calculated values of ECC are plotted in
Figure 13.
ρe ¼
S ∗11S12 þ S ∗21S22
 2
1� S11j j2 þ S21j j2
  
1� S22j j2 þ S12j j2
   (4)
Figure 8.
Peak realized gain versus frequency characteristics.
Figure 9.
Radiation and total efficiencies of the two antenna elements.
Figure 10.
Time domain analysis configurations of the diversity antenna. (a) Face to face (b) Side by side.
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From Figure 13, it is observed that the ECC values are less than 0.005 in the entire
band of operation. These low values of ECC (<0.5) signify that the designed antenna
is a good candidate for the UWB applications with polarization diversity [16].
Figure 11.
Normalized amplitudes of the transmitted and received pulses in all four configurations. (a) Face to face (b)
Side by side.
Table 5.
System fidelity factor for four configurations of the designed antenna.
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The mean effective gain measures the antenna gain of each antenna element
taking the radiation power pattern effects, the antenna total efficiency and the
propagation effects into account. It is calculated by using Eq. (5) and is plotted for







1þXPRGθ θ;φð ÞPθ θ;φð Þ þ
XPR




where XPR represents the cross-polarization ratio, Gθand Gφare the θ- and φ-
components of the antenna power gain patterns and Pθ and Pφ are the θ- and φ-
components of the angular density functions of the incident power, respectively.
The MEG values for each antenna element in the case of isotropic radiation, i.e.
XPR = 0 dB, are presented in Figure 14.
Figure 12.
Group delay versus frequency characteristics of the diversity antenna for all four configurations.
Figure 13.
Envelope correlation coefficient versus frequency characteristic.
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Another important parameter used to identify the suitability of an antenna for
diversity applications is diversity gain. It is the difference between the selection
combined cumulative distribution function (CDF) and one of the other CDFs at a
certain CDF level. The commonly used CDF level is 1% [33]. The DG of the
diversity antenna can be calculated approximately by Eq. (6) [34]. From Figure 15,







In the case of a rich multipath environment, the maximum rate of transmission
for reliable transmission in a communication channel is estimated by calculating
capacity loss (b/s/Hz). For a MIMO antenna, a channel capacity loss of less than
0.4 b/s/Hz is acceptable [35]. It is calculated by using the correlation matrix (7) [35].




Mean effective gain versus frequency characteristics of the designed antenna.
Figure 15.
Diversity gain versus frequency characteristic.
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where ψRis the correlation matrix of the receiving antenna and is expressed
mathematically as




ρii ¼ 1� Siij j2 þ Sij
 2  (9)
ρij ¼ � S ∗ii Sij þ S ∗ji Sij
 
(10)
i, j = 1 or 2.
Figure 16 shows that the channel capacity loss changes with the variation of
frequencies. It can be seen that the capacity loss values are always less than 0.3 b/s/
Hz in the UWB operating range.
4. Conclusion
A compact third iteration fractal antenna with notch-loaded ground plane for
UWB applications is investigated and analysed. By using orthogonal arrangement of
two antenna elements, polarization diversity performance is achieved. The designed
antenna has an impedance bandwidth of 4.7–19.4 GHz, isolation of more than
15 dB, a size miniaturization up to 92% over previously reported structures and
good diversity performance parameters values like ECC < 0.005, almost constant
DG = 10 and channel capacity loss of less than 0.3 b/s/Hz which makes it suitable
for UWB polarization applications in future wireless communication systems to
mitigate the multipath fading.
Figure 16.
Capacity loss versus frequency characteristic.
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Chapter 4
Antennas for UWB Applications
Symeon Nikolaou and Abdul Quddious
Abstract
“Antennas for UWB Applications” chapter deals with an overview of ultra-
wideband (UWB) antennas used for different applications. Some fundamental 
and widely used radiators, such as fat monopole, microstrip-fed and coplanar 
waveguide (CPW)-fed slot antennas, and tapered end-fire antennas are presented. 
Selected antenna designs are presented in relation to the UWB applications and 
their dictating radiation and operation principles. The demonstrated UWB anten-
nas include antennas for handheld devices used for personal area network (PAN) 
communications; antennas for localization and positioning; UWB antennas for 
radio-frequency identifications (RFIDs); radar antennas for through-wall imag-
ing, for ground-penetrating radar (GPR), and for breast tumor detection; and 
more generally, UWB antennas used for sensing. For some of the aforementioned 
applications, UWB antennas with special characteristics are needed, and they are 
presented and associated with the relevant applications. These include reconfigu-
rable UWB antennas, metamaterial-loaded UWB antennas, and conformal UWB 
antennas. The usefulness of these special characteristics in comparison with the 
claimed advantages is critically evaluated. For the UWB applications presented in 
the chapter, one type or UWB antenna is recommended.
Keywords: UWB antennas, reconfigurable UWB antennas, UWB-RFID,  
conformal UWB antennas, microwave imaging, breast tumor detection
1. Introduction
There is a wide range of fundamentally different applications that use UWB 
antennas, and as a general approach, different customized antennas are needed 
depending on the desired radiation characteristics. The most common applications 
are data communication, localization and identification, and radar and sensing 
applications.
UWB communications have inherently very wide bandwidth in which, based 
on Shannon’s theorem, these systems can support high data rates. Therefore, UWB 
transceivers are used for the transmission of high data rate, wireless communica-
tions, which are often used for PAN communications. One popular commercial 
application is the wireless USB (WUSB) which is designed to achieve 480 Mbit/s 
at distances up to 3 m and 110 Mbit/s at up to 10 m. PAN communications involve 
mobile handheld devices, in which case the used antennas should preferably have 
omnidirectional patterns with compact size and planar designs [1, 2]. Considering 
that UWB spectrum is shared with other technologies and standards such as the 
3.6 GHz IEEE 802.11y wireless local area networks (WLAN) (3.6575–3.69 GHz), 
4.9 GHz public safety WLAN (4.94–4.99 GHz), and 5 GHz IEEE 802.11a/h/j/n 
WLAN (5.15–5.35, 5.25–5.35, 5.47–5.725, 5.725–5.825 GHz), all operating within 
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the Federal Communication Commission (FCC) designated UWB band, of 
3.1–10.6 GHz, the design of reconfigurable notch-band antennas has attracted a lot 
of attention [3–5] since they can potentially filter out the unwanted interferer.
UWB technology is used for positioning and location tracking. In the general 
principle, a UWB interrogator transmits a signal which is reflected by UWB tags 
which are identified, and depending on the number of interrogators and the 
utilized software, the position of the specific tag can be defined with relatively high 
accuracy. Currently there are companies such as UWINLOC which offer integrated 
solutions for smart and efficient asset management through real-time location 
systems (RTLS) by combining UWB technology with Internet of things (IoT) prin-
ciples. Depending whether the UWB antenna is intended for the interrogator [6] or 
the UWB-RFID tag [7], the radiation characteristics and the size constraints may 
vary significantly. While the interrogator can combine multiple elements in arrays 
with beam-forming capabilities, the RFID tags need to be compact, lightweight, 
omnidirectional, and mostly, low-cost. In order to meet this last requirement, 
chipless UWB RFIDs [8] are used since they can be easily and massively manufac-
tured on demand using additive fabrication technology.
“Radar devices” involve a wide variety of highly specialized applications for 
which UWB technology and UWB antennas are widely used even if many of the 
preferred UWB antennas radiate on different frequencies than the FCC designated 
3.1–10.6 GHz band. Ground-penetrating radars (GPR) is one such application for 
which radars are used either to detect objects buried in the ground [9], to estimate 
soil characteristics (i.e., moisture) [10], or even to detect living beings trapped in 
ruins, after a physical disaster such as an earthquake or a hurricane. For this latter 
case, a more sophisticated radar—through-wall imaging radar—can also be used. 
Through-wall imaging systems are usually limited for use from law enforcement 
units, to monitor the position and movements of potentially dangerous targets 
[11], or even as airport security measure, in order to identify concealed weapons 
[12]. Microwave imaging [13] which is a more general category, under which the 
two aforementioned applications can be classified, includes the medical microwave 
imaging category which has attracted a lot of attention in the recent years. Medical 
microwave imaging is widely used for breast tumor detection [14, 15], and after 
several research efforts that investigated conformal UWB arrays [16, 17] and image 
reconstruction algorithms, several university spin-offs and other private companies 
proceeded with the implementation of commercial devices that were cleared for 
clinical studies with human subjects [18, 19]. These devices include both large-size 
devices facilitated at hospitals [20] and lightweight wearable devices for individual 
use at home [21].
This chapter presents an indicative list of UWB antennas which can be used for 
data communications, RFIDs used for identification and localization, and UWB 
antennas used for sensing and radar applications.
2. UWB antennas for wireless communications
“UWB communication systems” include communications which serve a variety 
of purposes. In a more loose definition, ultrawideband communication system is a 
system that requires more than 500 MHz bandwidth. Consequently, applications 
can be found in several subsections of the electromagnetic spectrum, starting 
from the UHF band all the way up to mm wave and sub-mm wave frequencies. This 
section focuses on UWB antennas for communications within the FCC designated 
UWB frequency range, 3.1–10.6 GHz. When UWB communications started to 
concentrate increased researchers’ attention, (First International Conference 
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on UWB-ICUWB, in 2001, is considered a milestone), in the early 2000, the 
used antennas were rather large in size. Some of the earlier UWB antenna ver-
sions included self-complementary antennas which are frequency independent 
(spiral antenna) or wideband dipoles [22]. For the use of UWB technology for 
mobile handheld devices, the large antenna size was becoming a limiting factor. 
Consequently, size reduction became one of the primary objectives of the UWB 
antenna designers.
In the next years, self-complementary antennas and end-fire antennas were 
replaced with multiple resonator antennas. The design approach is to create several 
resonances on the S11 which are distributed along the 3.1–10.6 GHz frequency range. 
As a result, the reflection coefficient is “pushed” lower than −10 dB conventional 
matching threshold which is widely used as the “good matching” criterion. The 
existence of radiating segments of specific size causes the creation of the resonances 
in the reflection coefficient, and the size variation of the physical size of the resona-
tors results in the corresponding resonance shift in frequency. Figure 1 illustrates a 
series of multiple resonator antennas which progressively limit their overall (board) 
size. The antennas are CPW-fed, and the central (signal) conductor is linearly 
tapered to improve the matching. Details about the design and performance of the 
depicted antennas can be found in [2]. It has been shown that the transition from 
the conventional transmission line to the radiator and the ground size both affect 
the overall matching and consequently the radiation efficiency of the UWB antenna 
and should be considered by antenna designers as inherently integrated parts of 
the radiator itself. Figure 1a demonstrates an uneven U-shaped stub, radiating 
inside an elliptical slot. Under the observation of the limited effect of the slot on 
the matching, the slot was removed, and an additional linear segment was added on 
Figure 1. 
CPW-fed (a) elliptical slot, (b) cactus and (c) compact-cactus UWB antenna.
Figure 2. 
Simulated and measured S11 for (a) CPW-fed slot antenna, (b) cactus antenna, and (c) compact-cactus 
antenna [22].
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Figure 4. 
Simulated and measured E-plane radiation patterns of (a) CPW-fed slot antenna, (b) cactus antenna, and 
(c) compact-cactus antenna, at 5 GHz, and (d) CPW-fed slot antenna, (e) cactus antenna, and (f) compact-
cactus antenna, at 9 GHz [22].
Figure 3. 
Simulated and measured H-plane radiation patterns of (a) CPW-fed slot antenna, (b) cactus antenna, and 
(c) compact-cactus antenna at 5 GHz and (d) CPW-fed slot antenna, (e) cactus antenna, and (f) compact-
cactus antenna at 9 GHz [22].
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the U-shaped stub, converting it into a “cactus-shaped” radiator consisting of three 
linear segments (Figure 1b). The last iteration presents a variation of the cactus-
shaped radiator, the “compact cactus,” with smaller RF-ground patches (Figure 1c) 
and further decreased overall size. Figure 2 presents the reflection coefficient plots 
where the resonances are distributed along the entire UWB frequency band.
Although the elliptical slot does not affect the matching significantly, it has 
more profound impact on the resulted radiation patterns. The removal of the slot 
modifies the radiation patterns to rather omnidirectional patterns along the H-plane 
(Figure 3), while the E-plane (Figure 4) patterns are characterized by a null in the 
direction of the feeding line. Several other published research works demonstrated 
the attractive features and the effectiveness of the so-called fat monopole or the 
elliptical disc and its variations, as UWB radiator, and it became one of the most 
widely used UWB antenna types, for mobile handheld devices.
3. Reconfigurable UWB antennas for wireless communications
UWB systems share the same spectrum with several other narrowband wireless 
systems which use sub-bands inside the 3.1–10.6 GHz range. The FCC mask limits the 
UWB EIRP to −41.3 dBm/MHz, which means that UWB signals are rather weak, to 
degrade the performance of the narrowband systems, significantly. UWB signals are 
considered white noise for narrowband systems. On the other hand, UWB systems 
suffer from the strong interfering signals which are used from the narrowband 
systems. In order to reduce the received noise level and improve the associated 
SNR, UWB antennas are designed with notch bands, which effectively filter out 
the received signals at the frequencies used from a competing narrowband system. 
Ideally these notch bands should be reconfigurable, in other words to appear when 
an interfering signal is detected and to disappear when no such signal is detected. 
Generally, notch bands are caused from added resonators which are placed on the 
radiator, or the feeding line, or even the RF ground patches. Figure 5 presents a 
microstrip-fed monopole with three pairs of added resonators which cause three 
notch bands on the reflection coefficient [23]. Each pair of resonators is designed 
to cause a notch band at a desired frequency. Specifically, the two stepped λ/4 open 
stubs cause the notch at the WiMAX (3.5 GHz) band; the two capacitively loaded 
loops (CLLs) on the ground patch cause the notch at the WLAN (5.8 GHz) band, and 
the pair of linear λ/2 segments, printed on the back side of the radiator, causes the 
notch at 8.87 GHz. The use of three different pairs of resonators allows the control 
of the notch bands independently. The effect of the resonators can be made recon-
figurable if suitable switches are used at the right place. Figure 5b shows that if the 
λ/4 open stubs are disconnected (switch in off state), the frequency notch disap-
pears (blue solid line). In Figure 5c the reflection coefficient of the UWB antenna 
is presented when the switch on the CLL is in either on or off state. With the switch 
in off state, the WLAN notch exists and filters out the undesired high-power signal, 
while when the switch is in on state, the effect of the CLL is canceled, and as a result 
the UWB antenna radiates efficiently at the WLAN band. Finally, when the switch 
separating the λ/2 linear segment into two unequal parts (Figure 5d) is set to off 
state, it causes the cancelation of the notch at 8.8 GHz.
Depending on the geometry of the resonator, a variety of electronic switches 
can be implemented. Figure 6 presents three implemented UWB antennas [24–25], 
with reconfigurable notch bands at the WLAN band (5.8 GHz) which use a single 
resonator instead of a pair of resonators and, consequently, only one switch to 
implement the notch reconfigurability feature. A microstrip-fed monopole with a 
J-shaped stub inside a rectangular slot is presented in Figure 6a, where the J-shaped 
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stub is connected and disconnected to the radiator, using a PIN diode switch. 
The J-shaped stub causes the notch, but when the diode is set to off state, the stub 
is disconnected, and the frequency notch is suppressed. In a similar design, the 
dynamically reconfigurable UWB antenna presented in Figure 6b uses a low-power 
field-effect transistor as switch (FET switch) to connect and disconnect the linear 
Figure 5. 
Simulated S11 microstrip-fed UWB (a) monopole with three pairs of resonators (b), stepped λ/4 open stubs (c), 
CLL resonators, and λ/2 parasitic linear segments (d).
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segment inside the elliptical slot. The FET switch can be actuated without battery, 
using solely the ambient RF power which is collected from a 5.8 GHz rectenna. 
Finally, Figure 6c presents a CPW-fed elliptical slot which uses a U-shaped slot 
with a microelectromechanical system (MEMS) switch to implement the frequency 
notch reconfigurability. The MEMS switch is actuated without bias lines, while for 
the application of the differential voltage for the reconfigurable UWB antennas 
presented in Figure 6a and b, bias lines with RF choke inductors are necessary. 
The MEMS switch was fabricated in-house [25], while the PIN diode and the FET 
switch are off-the-shelf components. (Figure 7) presents the measured S11 of three 
different reconfigurable UWB antennas that show successful implementation of a 
reconfigurable notch band at 5.8 GHz.
4. UWB antenna for chipless RFIDs
UWB monopoles are also used for the implementation of chipless UWB RFIDs 
[8]. Chipless tags are either backscattering-based or retransmission-based. Usually, 
UWB RFIDs are retransmission-based, and on-off keying (OOK) is performed by 
the presence or absence of a series of resonators which are coupled with the trans-
mission line. Alternatively, the resonators may be perturbed and thus detuned by 
either short circuiting or open circuiting them. Backscattering occurs when a single 
antenna with high Q is used, while retransmission requires a second antenna which 
is preferably orthogonally polarized compared to the receiver, and it transmits a 
modulated signal after the unmodulated signal is received from the receiver antenna. 
The OOK modulation in chipless tags is performed in the frequency domain, and an 
Figure 6. 
Reconfigurable UWB antennas with (a) PIN diode, (b) FET switch, and (c) MEMS.
Figure 7. 
Measured S11 of three different reconfigurable UWB antennas with (a) PIN diode, (b) FET switch, and  
(c) MEMS.
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indicative signature of a retransmitted signal can be seen in Figure 8. The chipless 
UWB RFID schematic that is presented in Figure 8 consists of a pair of UWB mono-
poles which are connected with a common feeding line. The feeding line is loaded 
with eight resonators forming an 8-bit word. Each resonator which has a slightly dif-
ferent size causes a frequency notch at a different frequency, and at the same time, it 
causes a phase discontinuity. With the use of a UWB interrogator, a wideband signal 
is sent, and the tag receives the signal, and it retransmits it back to the reader. The 
combination of resonators causes a unique electromagnetic signature, which identi-
fies the tag. There is a variety of resonators that can be used, such as slits, CLLs, or 
slot ring resonators (SRRs). Batteryless, chipless, and entirely passive UWB RFIDs 
can be inkjet-printed on paper substrates and be massively and rapidly produced 
for disposable RFID tags, such as the baggage paper-based tags which are used to 
identify the checked-in luggage. A pair of microstrip-fed UWB monopole antennas 
is well-suited for the implementation of chipless UWB RFIDs.
5. UWB antennas for radar applications
In many types of radars such as GPR, through-wall imaging radars, or even breast 
imaging systems, UWB signals are required. For high-gain and high-power radars, 
end-fire UWB antennas are preferred because they perform with unidirectional, 
high gain which is necessary for enhanced radar range. Linearly tapered antennas 
(LTA) like Vivaldi antennas [26, 27] are widely used, and the more complex double 
exponentially tapered slot antennas (DETSA) can also be used. Figure 9 presents 
a high-gain DETSA antenna fabricated on flexible liquid crystal polymer (LCP) 
substrate [28]. The implemented gain varies between 7 and 12 dBi. The use of 
flexible substrate such as LCP allows the adoption of the longitudinal antenna along 
a non-planar surface as can be seen in Figure 9b. End-fire DETSA has been shown 
to redirect the maximum gain direction along the tangent of the ending point; 
therefore, it can be used to implement high-gain directive radar front ends where 
two or even four DETSA antennas can be combined to form a confocal high-gain 
Figure 8. 
Operation principle and schematic of chipless UWB RFIDs.
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array as can be seen in Figure 9c. For GPR or through-wall imaging radars, a direc-
tive confocal array is placed about the ground target or on the wall. These radars are 
mono-static, and the same antenna system operates both as the transmitter and the 
receiver. It is desired to have high penetration capability which means that high-gain 
antennas and high-gain amplifiers are used to detect reflected signals propagating 
through high-loss media. End-fire high-gain antennas such as the Vivaldi antennas 
and their variations are usually used for these applications. In (Figure 10) it can 
be seen that good agreement is achieved between simulated and measured S11 and 
there is no difference between planar and folded DETSA return loss.
6. Conformal UWB antennas
In several occasions UWB antennas need to be integrated or mounted on non-
planar surfaces, and consequently the use of conformal UWB antennas has been 
investigated by several researchers. In [22, 29] three distinct UWB antennas are used 
in order to test their matching and radiation characteristics when the antennas are 
Figure 9. 
(a) Planar DETSA, (b) conformal DETSA, (c) DETSA antennas confocal array.
Figure 10. 
Simulated and measured S11 for planar and folded DETSA [22].
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Figure 12. 
Measured S11 under three different bending conditions for (a) polygonal monopole (PM), (b) elliptical slot 
(ES), and (c) elliptical monopole (EM) [22].
mounted on cylindrical surfaces of different radii. The first is a polygonal monopole 
antenna which will be referred to with the acronym PM for brevity. The second is a 
CPW-fed, elliptical slot antenna or ES for brevity, and finally a more compact size 
elliptical monopole or EM as it will be referred as, for brevity. Since one of the most 
popular solutions for a variety of UWB applications is the fat monopole, two such 
prototypes (PM and EM), significantly different in size, are investigated. Liquid 
crystal polymer (LCP) is used as fabrication substrate because LCP has relatively 
low dielectric constant (εr = 3) and low loss (tanδ = 0.002). For the two monopole 
antennas, the PM and the EM, the commercially available substrate, with thickness 
of 100 μm, is used. The fabricated prototypes are tested in planar shape and also 
when they are mounted on two different Styrofoam cylinders with radius either 25 or 
15 mm. The used prototype antennas in planar shapes are presented in Figure 11.
The prototypes are measured in planar shape (R = inf), and then the measure-
ments are repeated with the antennas mounted on custom-made cylinders with 
(a) radii 25 mm (R = 25 mm) and (b) 15 mm (R = 15 mm). The used cylinders 
were custom-made at a machine shop, and Styrofoam (εr = 1.03) material was used 
to resemble free space radiation conditions. When an antenna is kept in planar 
shape, it may be assumed that it is mounted on a cylinder with infinite radius, and 
this is the description (R = inf) used in the legends for the following figures. The 
measured S11 results for the three antennas are presented in Figure 12. In every 
one of the three cases presented in Figure 11, it can be observed that the measured 
reflection coefficient for the three different radius values is almost identical. 
Radiation pattern measurements can be also seen in Figures 13–15. Considering 
the high accuracy and the pattern measurements, in almost every compared pair of 
Figure 11. 
Polygonal monopole (PM), elliptical slot (ES), and elliptical monopole (EM) UWB antennas in planar form.
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radiation patterns, the agreement between the patterns deduced from the planar 
and folded antennas is noteworthy. Both the shape of the patterns and the maxi-
mum directivity remain mostly steady, verifying the good agreement between the 
Figure 13. 
Measured radiation patterns and gain for the polygonal monopole (PM) in planar form and when it is folded 
around a Styrofoam cylinder with a 25 mm radius. (a) Conformal PM, (b) E-plane at 5 GHz, (c) H-plane at 
5 GHz, (d) measured gain (dBi) vs. frequency, (e) E-plane at 9 GHz, and (f) H-plane at 9 GHz [22].
Figure 14. 
Measured radiation patterns and gain for the elliptical monopole (EM) in planar form and when it is folded 
around a Styrofoam cylinder with a 25 mm radius. (a) Conformal EM radiator, (b) E-plane at 5 GHz, (c) 
H-plane at 5 GHz, (d) measured gain (dBi) vs. frequency, (e) E-plane at 9 GHz, and (f) H-plane at 9 GHz [22].
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radiation patterns, the agreement between the patterns deduced from the planar 
and folded antennas is noteworthy. Both the shape of the patterns and the maxi-
mum directivity remain mostly steady, verifying the good agreement between the 
Figure 13. 
Measured radiation patterns and gain for the polygonal monopole (PM) in planar form and when it is folded 
around a Styrofoam cylinder with a 25 mm radius. (a) Conformal PM, (b) E-plane at 5 GHz, (c) H-plane at 
5 GHz, (d) measured gain (dBi) vs. frequency, (e) E-plane at 9 GHz, and (f) H-plane at 9 GHz [22].
Figure 14. 
Measured radiation patterns and gain for the elliptical monopole (EM) in planar form and when it is folded 
around a Styrofoam cylinder with a 25 mm radius. (a) Conformal EM radiator, (b) E-plane at 5 GHz, (c) 
H-plane at 5 GHz, (d) measured gain (dBi) vs. frequency, (e) E-plane at 9 GHz, and (f) H-plane at 9 GHz [22].
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Figure 16. 
Conformal cylindrical array of (a) four EM elements and (b) eights EM elements.
planar and folded antennas’ radiation behavior. In conclusion and considering the 
testing results for all three prototypes, it can be claimed that the radiation patterns 
of omnidirectional UWB antennas are not significantly affected by conforming the 
antennas around a cylinder when the axis of the cylinder is parallel to the feeding 
line direction.
The use of conformal UWB antennas allows their direct use for the implementa-
tion of conformal cylindrical arrays. Such arrays are used for microwave imaging 
systems that are used for high-accuracy breast tumor detection devices that can 
be found in hospitals or even for wearable lightweight low-cost devices. Figure 16 
presents a schematic for the design of two cylindrical arrays that consist of four 
and eight conformal elliptical monopole UWB radiators, respectively. The radiated 
power is focused toward the axis of the cylinder, and the involved elements can 
radiate simultaneously, one at a time, or in various combinations implementing 
multistatic radars with different focus characteristics.
Figure 15. 
Measured radiation patterns and gain for the elliptical monopole (EM) in planar form and when it is folded 
around a Styrofoam cylinder with a 25 mm radius. (a) EM radiator, (b) E-plane at 5 GHz, (c) H-plane at 
5 GHz, (d) measured gain (dBi) vs. frequency, (e) E-plane at 9 GHz, and (f) H plane at 9 GHz [22].
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7. Microwave imaging radar antenna element
Recently microwave imaging was considered as an alternative promising technol-
ogy for medical imaging especially since the required cost is much lower than the 
most prominent medical imaging methods such as computational tomography (CT) 
or magnetic resonance imaging (MRI). For the use of microwave imaging devices 
like the ones used for breast tumor detection in clinical trials [19, 20], the number 
or radiating elements is important. Generally, it is desired to use high number of 
elements which should have unidirectional radiation patterns, while the cross-
coupling among the radiating elements must be as small as possible. As a result, the 
use of compact unidirectional UWB radiators is considered. An effective solution is 
the use of cavity-backed slot antennas. Such an element is presented in Figure 17. An 
implementation of a microwave imaging device consisting of similar such radiators 
is described in [21, 30]. The front face can be made conformal to better match the 
non-planar surface, while the feeding cable can pass through the metallic cavity 
that is used to cancel the back radiation. The desired low profile of the cavity and 
the intermediate gap between the radiating antenna elements and the target make 
the design of such an antenna a challenging task. In order to avoid additional reflec-
tions, the target is immersed in a liquid with controlled dielectric constant since the 
UWB antennas’ matching can be severely degraded when the antenna radiates in 
close proximity or in touch with the human body. The high effect of the human body 
with the complex electromagnetic characteristics on the UWB antenna performance 
necessitates the use of accurate human phantoms in the full-wave simulations. 
Figure 17c demonstrates a cavity-backed slot UWB antenna in close proximity with 
a realistic breast phantom in a setup used in a full-wave simulator in order to ensure 
the good performance of the antenna when it radiates in close proximity with human 
body parts. Although the metallic cavity increases the profile of the receiver, it is very 
useful since it blocks signals which are not coming directly from the target.
Different vendors [19, 20] use customized UWB antennas which serve better the 
preferred reconstruction algorithms that they use; however, the presented cavity-
backed slot radiator is one of the best candidates for medical microwave devices.
8. Conclusion
Selected UWB antennas for personal area network communication systems, 
for positioning and location tracking, and for numerous radar applications are 
presented. It is evident that depending on the application, different antenna 
Figure 17. 
(a) Cavity-backed slot UWB antenna, (b) prospective view, and (c) multiple elements in close proximity with 
a realistic breast phantom.
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power is focused toward the axis of the cylinder, and the involved elements can 
radiate simultaneously, one at a time, or in various combinations implementing 
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Figure 15. 
Measured radiation patterns and gain for the elliptical monopole (EM) in planar form and when it is folded 
around a Styrofoam cylinder with a 25 mm radius. (a) EM radiator, (b) E-plane at 5 GHz, (c) H-plane at 
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characteristics are required and different types of antennas are better suited. For 
wireless personal network devices, omnidirectional radiation patterns are pre-
ferred, and the compact size of the antenna with a low-profile planar design is the 
most useful, in most cases. There are several types of antennas that can be used; 
however, the monopole antenna is the most widely used design. Either CPW-fed or 
microstrip-fed UWB monopole is the most prominent solution. UWB monopoles 
have been used extensively for the implementation of reconfigurable UWB anten-
nas which are capable of filtering out the interfering signals that share parts of 
the 3.1–10.6 GHz, FCC designated UWB spectrum. Frequency notch bands can be 
created with the addition of resonators which can be implemented on either the 
radiator or the feeding line or even the RF ground segments. Quarter-wavelength 
open stubs, half-wavelength linear segments, half-wavelength slots, and more 
complex in shape resonators, such as CLLs or SRRs, have been successfully used. 
For the reconfigurability attribution, RF switches are required, and depending on 
the resonator geometry and the biasing conditions, PIN diodes, FET switches, or 
MEMS switches can be used.
UWB antennas for positioning and tracking are used for both the interrogator 
and the RFID tags. Apparently different characteristics are needed for each case. 
For the interrogators high-gain, directive antennas with agile radiation patterns are 
preferred, while for the RFID tags, omnidirectional lightweight and low-cost anten-
nas are needed. The RFIDs are often customized considering the electromagnetic 
characteristics of the items that they tag, and they can be either chipless or termi-
nated with an IC load. The operation principle of chipless UWB RFIDs exploits 
the presence of a series of resonators which are coupled with the transmission line 
that connects the two antennas. One antenna receives the interrogator’s signal, and 
the second one retransmits the modulated signal back to the reader. Chipless UWB 
RFIDs are entirely passive, and thus they can be easily fabricated using additive 
manufacturing technologies such as inkjet printing.
For radar applications, and depending on the target characteristics and the 
size and cost constraints, a wide variety of UWB antennas are used. For relatively 
long-range monostatic radars, such as ground-penetrating radars or through-wall 
imaging devices, high-gain directive antennas are used. Vivaldi antennas and 
their variations are the most common UWB antennas used for monostatic radars. 
For multistatic radars, like the ones used for microwave imaging for breast tumor 
detection, the requirements are very different. Since the target is relatively 
small and the size of the object under detection can be smaller than 1 cm3, the 
radiators form a concave array. Cylindrical and hemispherical configurations are 
used, and the desired UWB antenna elements must have unidirectional radiation 
patterns, and they must be shielded from cross-coupling, while their size should 
be small to allow a large number of elements in a relatively small volume. Medical 
microwave imaging systems using UWB technology keep developing, and there 
are currently several vendors which have developed products which are cleared 
for clinical trials. Cavity-backed radiators are used covering different sub-bands 
in the UWB spectrum or even lower-frequency bands. These UWB antennas 
have conformal surfaces and are combined to form conformal arrays. They are 
co-designed with the human tissue target, since the radiation characteristics of 
UWB antennas change significantly when the antennas radiate in close proximity 
with the human body.
UWB antennas are integrated parts of devices which are used for a wide 
range of applications. For some applications, off-the-shelf UWB antennas can 
be successfully used or even antennas designed for similar scope, but for several 
other cases, UWB antennas must be customized and be co-designed with the 
surrounding environment since they can be easily mismatched and their assumed 
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performance can be significantly degraded. Therefore, for the successful design of 
an effective UWB antenna, the antenna must be simulated and tested in a realistic 
environment that must consider the characteristics of the adjacent media and the 
surrounding objects.
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Chapter 5
Review on UWB Bandpass Filters
Li-Tian Wang, Yang Xiong and Ming He
Abstract
Rapid development of a number of wireless communication systems imposed an
urgent requirement for a technology which contains multi-wireless communication
standard. Since the ultra-wideband (UWB) technologies are of advantage in broad
bandwidth and high-speed transmission, much attention has been paid to exploiting
the UWB bandpass filters. In this chapter, the development process of the UWB
bandpass filters and the regulation of the UWB bandpass filter are initially intro-
duced. Subsequently, the application scenarios of UWB filters in UWB communi-
cation systems and unique merits of UWB filters were explored. In addition, the
primary performance specifications of the UWB filters, including insertion loss,
return loss, the level of out-of-band attenuation, and roll-off rate, are also
presented. After a brief discussion of microwave network theory, several methods
for implementing UWB filters are summarized. Furthermore, the design of the
UWB filter with notch band is presented in Section 5. The last section, the Conclu-
sion section, is given at the end of this chapter.
Keywords: UWB bandpass filter, multimode resonator, step-impedance resonator,
wide stopband, high selectivity, notch band
1. Introduction
The ultra-wideband (UWB) communication technology with a long history is
developed rapidly in the past few decades. Since 1989, the UWB was first employed
by the Defense Advanced Research Projects Agency (DAPRA) as a term, and the
DAPRA also proposed the bandwidth definition of the UWB. In fact, the UWB
technology was only authorized to be applied in military communications. Since
February 2002, the development of UWB has undergone a great change. The
Federal Communications Commission (FCC) finally released the UWB spectrum
globally for data communication or radar and security field for civilian application
and redefined the bandwidth of UWB, which specifies that the UWB radio-
frequency signal has a fractional bandwidth (FBW) greater than 20% or 10 dB
absolute bandwidth greater than 500 MHz. According to the definition of FCC part
15 [1], the authorized band allocated to the UWB communication systems is ranging
from 3.1 to 10.6 GHz. Unprecedented 7.5 GHz of bandwidth is the largest band-
width of any commercial terrestrial system has ever allocated. The 3 dB FBW of the
UWB can reach 109%, and FCC emission mask specified that the transmission
power does not exceed 41.3 dBm/MHz (75 nW/MHz). The way of sharing the
spectrum with extremely low-power spectral densities (PSD) is of paramount
significance in present intense crowned spectrum circumstance. The major merits
of the UWB are as follows:
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bandwidth and high-speed transmission, much attention has been paid to exploiting
the UWB bandpass filters. In this chapter, the development process of the UWB
bandpass filters and the regulation of the UWB bandpass filter are initially intro-
duced. Subsequently, the application scenarios of UWB filters in UWB communi-
cation systems and unique merits of UWB filters were explored. In addition, the
primary performance specifications of the UWB filters, including insertion loss,
return loss, the level of out-of-band attenuation, and roll-off rate, are also
presented. After a brief discussion of microwave network theory, several methods
for implementing UWB filters are summarized. Furthermore, the design of the
UWB filter with notch band is presented in Section 5. The last section, the Conclu-
sion section, is given at the end of this chapter.
Keywords: UWB bandpass filter, multimode resonator, step-impedance resonator,
wide stopband, high selectivity, notch band
1. Introduction
The ultra-wideband (UWB) communication technology with a long history is
developed rapidly in the past few decades. Since 1989, the UWB was first employed
by the Defense Advanced Research Projects Agency (DAPRA) as a term, and the
DAPRA also proposed the bandwidth definition of the UWB. In fact, the UWB
technology was only authorized to be applied in military communications. Since
February 2002, the development of UWB has undergone a great change. The
Federal Communications Commission (FCC) finally released the UWB spectrum
globally for data communication or radar and security field for civilian application
and redefined the bandwidth of UWB, which specifies that the UWB radio-
frequency signal has a fractional bandwidth (FBW) greater than 20% or 10 dB
absolute bandwidth greater than 500 MHz. According to the definition of FCC part
15 [1], the authorized band allocated to the UWB communication systems is ranging
from 3.1 to 10.6 GHz. Unprecedented 7.5 GHz of bandwidth is the largest band-
width of any commercial terrestrial system has ever allocated. The 3 dB FBW of the
UWB can reach 109%, and FCC emission mask specified that the transmission
power does not exceed 41.3 dBm/MHz (75 nW/MHz). The way of sharing the
spectrum with extremely low-power spectral densities (PSD) is of paramount
significance in present intense crowned spectrum circumstance. The major merits
of the UWB are as follows:
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Firstly, high date rate: according to the Shannon formula for channel capacity
[2], the maximum infallibility information date rate of the system in the additive
white Gaussian noise (AWGN) channel can be expressed as
C ¼ B log 2 1þ SN
 
(1)
where B stands for channel width and S/N denotes the signal-to-noise ratio.
Hence, it can be concluded from Eq. (1) that even if the signal-to-noise ratio values
are as low as 0.1 (�10 dB), the system’s data rate still can reach as high as 1 Gbps. It
fully demonstrates the extremely high date rate of the UWB system. Secondly,
strong anti-interference ability: UWB resorts carrierless communication with nano-
second pulses. With Fourier transform, it can be derived that the power spectral
density is dramatically wide with low-energy density, which reveals that the UWB
system is of excellent concealment. Thirdly, high resolution ratio of time and space:
the UWB is operating at high frequency with a nanosecond resolution of time
domain, and the short wavelength at the RF enables spatial resolution of 0.1 m
approximately. The rapid development of 5G [3] and the Internet of Things (IoT)
[4] has an urgent demand for high response speed and high positioning accuracy,
and the UWB can perfectly meet this requirement. The emergence of key reports
and research process, whether from an academic or engineering perspective, has
greatly advanced the development of UWB over the past few decades.
The UWB bandpass filters served as key building block in UWB wireless com-
munication systems to regulate the FCC UWB masks have aroused much research
interest in this century. And various attempts to design UWB have been reported
continuously. The UWB bandpass with a FBW of more than 20% have been
reported with simple design methodology and excellent passband performance
since 2012 [5, 6]. However, for the FCC authorized specification, 109% of the FBW
is actually an unprecedented challenge in approaching UWB bandpass filters
design. Despite the well-established comprehensive design theory for narrowband
bandpass filters with varied specification [7–10], the synthesis design methods for
UWB bandpass filters are not suitable to employ existing powerful design theory
foundations.
Various techniques have been presented to develop the UWB bandpass filters.
One of the straightforward methods is cascading a low-pass filter and a high-pass
filter to accomplish UWB bandpass filter [11–13]. Though considerable wideband is
realized in [11], the occupied circuit size needs to be further reduced. To achieve
UWB bandpass filters with compact size and simple design process, multimode
resonator (MMR) has been presented [14–25]. In [16], the UWB bandpass filter is
achieved with wide stopband, and 40 dB attenuation can be realized within fre-
quency ranging from 12.0 to 16.0 GHz. In [19], quintuple-mode resonator is intro-
duced to design UWB bandpass filter and sharp shirt, and wide upper stopband is
achieved simultaneously. A UWB bandpass filter with 20 dB out-of-band suppres-
sion up to 25.1 GHz is proposed in [21].In [25], a novel MMR with interdigital-
coupled-microstrip line sections is implemented, which can excite seven transmis-
sion poles to design UWB bandpass filter with high roll-off rate. In summary,
design of UWB bandpass filters by using MMR is of compact size and with multi-
transmission poles, whereas the range of out-of-band rejection is still insufficient
since harmonic effects. Similar to the MMR, the stub-loaded multimode resonator
(SLMMR) is another ideal structure to design UWB bandpass filters owing to its
simple structure and easy design procedure [26–33]. In [26], a highly selective UWB
bandpass filter is achieved by short-circuit stub-loaded structure, which can excite
11 resonant modes to fulfill the requirement of UWB with miniature circuit size.
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The stub-loaded quintuple-mode resonator is employed to design UWB bandpass
filter with two transmission zeros near the lower and the upper cutoff frequencies
in [30]. To address the issue of harmonic effect to obtain wide stopband, the step-
impedance resonator (SIR) is utilized to design UWB bandpass filters with remoted
harmonic [33–37]. A UWB bandpass filter with more than 30 GHz out-of-band
attenuation is approached by using SIR in [34]. The novel ring resonators are
considered as an effective way to design UWB bandpass filters attributed to its
miniature size and multiple resonance behavior [38–46]. In [39], a design of UWB
bandpass filter with extremely compact circuit size (0.46 cm2, without feedlines)
by using quintuple ring resonator is proposed. In [42], UWB with switchable band-
width is also investigated by implementing a ring resonator, and tunable passband
ratio of 1.22:1.13:1 is obtained. Another major category of UWB bandpass with
desired UWB passband performance is based on the parallel-coupled lines [47, 48].
In [48], by using parallel-coupled microstrip lines, a UWB bandpass filter with a
passband from 3.1 to 10.6 GHz of less than 1 dB insertion loss is accomplished;
meanwhile, the attenuation level can reach 40 dB in stopband. In order to cater for
the urge demand for miniaturization, UWB bandpass filters with multilayer struc-
tures have been extensively investigated and reported [49–58]. In [57], design of an
eight-pole UWB filter is demonstrated; meanwhile the proposed UWB filter not
only has merits of miniature circuit size but also processes a 38.1 dB out-of-band
suppression by utilizing the multilayer structure. In addition to the aforementioned
techniques, there were also other routines to obtain the UWB bandpass filter, such
as semi-lumped UWB bandpass filter [58, 59] and UWB bandpass filter designed
with right-/left-banded structure [60–62]. Furthermore, for the purpose of achiev-
ing the UWB communication while eliminating other inferences of current com-
munication systems, notch band UWB bandpass filter is presented [60, 63–77] and
will be demonstrated in detail in Section 6 of this chapter.
This chapter mainly focuses on the various approaches to achieve UWB
bandpass filter and the discussion of several conventional methods for high-
performance UWB filter with wide stopband, high out-of-band attenuation, sharp
selectivity, and miniaturization. Therefore, the organization of this chapter is as
follows: in Section 2, application scenarios of UWB, development history of UWB,
and the UWB regulations established by the FCC are briefly demonstrated. In
Section 3, the major specifications of the UWB filters as well as the foundation of
design methodology are illustrated. Section 4, the key section, focuses on varied
approaches to realize the UWB filter design. Common ways for accomplishing the
design of UWB filters can be classified into the following categories: one of the
general methods of designing UWB bandpass filter is using multimode resonator
(MMR) (Section 4.1), and similar to the method in Section 4.1, UWB bandpass
filters are also realized by using a stub-loaded multimode resonator (SLMMR)
(Section 4.2). The methods of implementing the UWB bandpass filter with multi-
layer structure, parallel-coupled line, and step-impedance resonator design meth-
odology are, respectively, reviewed in Sections 4.3–4.5. In order to fulfill the
requirement to eliminate the RF interference within the UWB band, the UWB
bandpass filter with notch band has been designed and reported extensively, which
is reviewed in Section 5. Section 6, the Conclusion section, will be given at the end
of this chapter.
2. Regulation and application
The UWB wireless communication has been only authorized to the military
communication for 42 years. Since 2002, the FCC released the unlicensed
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employment of UWB for commercial purpose and classified the application sce-
nario into imaging system, vehicle radar system, and communication and measure-
ment system. According to the regulation of FCC, the fL and fH are located at 3.1 and
10.6 GHz, where fL and fH, respectively, stand for the frequencies with 10 dB
attenuation of the upper and lower sidebands. Therefore, the center frequency of
UWB bandpass filter is expressed as
f C ¼
f H þ f L
2
¼ 6:85 GHz (2)
Meanwhile, the FBW can also derived as
FBW ¼ 2 f H � f L
 
f H þ f L
¼ 109:5% (3)
For the purpose of evading the interference of UWB systems and existing com-
munication systems (such as GPRS, WLAN, TD-LTE, and mobile cellular), the
radiation spectral density of UWB systems is strictly limited and regulated, the
highest power spectral density of the UWB systems regulated not exceeding
�41.3 dBm/MHz, as illustrated in Figure 1. It is worth noting that the regulation
also varies depending on the indoor and outdoor circumstance.
As depicted in Figure 2, the UWB band has an extremely high FBW and unpar-
alleled 7.5 GHz absolute bandwidth; the UWB therefore has potential in many appli-
cations. The UWB can be applied to support large channel capacity since its huge
bandwidth, whereas its propagation distance is limited by low effective isotropic
radiated power (EIRP). Therefore, the UWB is an ideal candidate for short-distance
high-rate communication. For detecting, the UWB has a dramatic penetrating ability
by using its outstanding weak narrow pulse of baseband, which can easily penetrate
the leaves, the earth’s surface, the clouds, and the concrete; even objects behind the
obstacle can also detected. For locating, high positioning accuracy can be accom-
plished by UWB technology, whether for military or civilian application.
The UWB bandpass filters have the responsibility to remove the unwanted
signals and noise in UWB communication system. As shown in Figure 3, for the
transmitting system, the modulated signal is directly filtered by using the UWB
bandpass filter, and the UWB bandpass filter is also a critical component in RF front
Figure 1.
Indoor radiation masks and outdoor radiation mask regulated for UWB system by FCC.
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end of the receiving system [5]. Therefore the UWB bandpass filters are known as
an inevitable key building block of wideband communication systems, and the
filtering performance of UWB bandpass filter will directly related to the perfor-
mance of the entire UWB system.
3. Microwave foundation of designing UWB bandpass filters
3.1 Performance specifications
The performance is a critical factor for UWB filters even in any engineering device,
and the major parameters for UWB filter performance evaluating are as follows:
1. Insertion loss (IL): insertion loss is the attenuation caused by the introduction
of the device between the in port and out port, usually expressed in dB. The
insertion loss can be calculated as follows:
IL ¼ 10 log Pin
Pout
dBð Þ (4)
where Pin is the input transmitted power and the Pout is the output received
power. In addition to the mismatching loss, the actual bandpass filters have a series
of other losses. Firstly, dielectric loss, can expressed as
Figure 2.
The comparison between the UWB spectrum and spectrum of currently commercial communication systems.
Figure 3.
The sketch of transmitting system and receiving system with primary components.
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where the λg is the guide wavelength of 50 Ω microstrip line at frequency f.





4 wþ tð Þσ � Z0 (6)
where μ0 is the permeability of vacuum, σ is the conductivity, w is the width of
conductor, and t is the conductor thickness.
Thirdly, the dielectric loss, can be written as
αd ¼ tan δ � π=λg (7)
2. Return loss (RL): return loss is the ratio of the reflected power to the incident
wave power, expressed in dB:
RL ¼ 10 log Pre
Pin
dBð Þ (8)
3. FBW and center frequency
4.Roll-off rate (ROR): the ROR is a critical specification for evaluating passband
selectivity and can be defined as follows:
ROR ¼ ∣δ�20dB � δ�3dB∣
∣ f�20dB � f�3dB∣
(9)
where δ�20 dB and δ�3 dB are attenuation point at �20 and �3 dB, respectively.
f�20 dB and f�3 dB are, respectively, �20 and �3 dB stopband frequency.
5. Group delay: the ratio of phase variation to frequency variation is utilized to
describe the overall delay of signal though the device. The group delay can be
derive as
τ ¼ � ∂φ21 ωð Þ
∂ω
(10)
6.Out-of-band suppression level: the stopband suppression level is applied to
evaluate the out-of-band performance of the UWB bandpass filter.
7. Upper stopbandbandwidth: it isworthnoting that there is no spike in the stopband.
8.Transmission poles: multi-transmission poles prone to achieve UWB bandpass
filters with sharp shirt.
9.Transmission zeros: the UWB bandpass filter with multi-transmission zeros
tends to process excellent out-of-band rejection and high selectivity of passband.
3.2 Foundation of conventional transmission line filter analysis
The critical step in the design of a conventional transmission line UWB filter is
to select the appropriate electrical lengths/impedances of transmission lines to
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adjust the resonant modes to fulfill the design specifications of UWB bandpass
filter. For the purpose of establishing the expression of the resonant frequencies
and each electrical lengths or impedances, the Yin of UWB filter needs to be
derived, and the resonance condition can be calculated by using the following
expression:
Im Y inð Þ ¼ 0 (11)
As demonstrated in Figure 4, the detailed steps for solving resonant frequencies
with numerical calculation are as follows:
Step 1, Initialization. The electrical lengths θi (i = 1, 2, …, n), f0 (reference
frequency for electrical length calculation), and frequency sweep range should be
given.
Step 2, Recalculating the electrical lengths. When the frequency fi is considered,
all of the electrical lengths should be recalculated as θn0 ¼ θnf i=f 0. Then, we
substitute the updated electrical lengths into Eqs. (2)–(8).
Step 3, if Eq. (1) is satisfied, that is, f1 = fi is the first resonant frequency that we
are searching for, then the resonant frequency f1 should be saved and turn to the
next step. If Eq. (1) is not satisfied, the program turns to the next step directly.
Step 4, considering the next frequency fi++.
Step 5, is the new value of fi++ beyond the frequency sweep range? If the answer
is yes, then quit and end the program. If the answer is no, then go to step 2.
Figure 4.
Flow chart of solving the resonate frequency.
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3.2.1 Classical even-odd-mode analysis method
Since the odd-mode resonant frequencies of the symmetrical structure are
orthogonal to the even-mode resonant frequencies, the whole transmission line
model can be divided into odd-mode and even-mode circuits. Therefore, the reso-
nant frequencies are then derived separately, which dramatically reduces the com-
putation of resonant modes. It is worth noting that with odd-mode excitation, the
symmetrical planes are considered to be grounded and with even-mode excitation,
the symmetrical planes are considered to be open.
Even-/odd-mode input admittance can be obtained from the even�/odd-mode
equivalent circuit, and Eq. (11) can be replaced by the following equations:
Im Y ineð Þ ¼ 0 (12)
Im Y inoð Þ ¼ 0 (13)
3.2.2 Classical [ABCD] matrix analysis method
The analysis of traditional transmission line filters with asymmetric structures is
no longer within the application scope of classical odd-even-mode analysis method.
To overcome this issue, the ABCD matrix method is employed to approach the
overall transmission ABCDmatrix; the Yin is then derived from the ABCDmatrix of
the overall structure. The ABCD matrix of several typical transmission line models
and the ABCD matrix of several conventional circuit elements are depicted in
Figure 5.
3.2.3 Analysis of parallel-coupled lines
The analysis of parallel-coupled lines is more complicated than that of series/
shunt transmission lines. One of the reliable ways is to analyze the parallel-coupled
lines as a four-port component, and parameters of parallel-coupled lines are shown
in Figure 6.
Different paralleled coupling conditions and the position of the in/out port
correspond to varied initial conditions. Therefore, the Z matrix of parallel-coupled
lines can be solved according to this initial condition. The four-port impedance
matrix is given as follows.
Figure 5.
Classical transmission line structure and their ABCD matrix.
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4. Common UWB bandpass filters
4.1 UWB bandpass filters using MMR
A quintuple-mode resonator is proposed to design UWB bandpass filter, and the
physical layout of the presented UWB filter is sketched in Figure 7 [19]. Since the
whole structure is symmetrical along the T–T’ line, classical odd-even-mode
method is adopted to analyze the quintuple-mode resonator. As demonstrated in
Figure 8, five resonant modes can be generated by quintuple-mode resonator;
besides, owing to the loaded stub, two transmission zeros are realized both at lower
and upper cutoff frequencies; thus, high selectivity is approached. As shown in
Figure 9, the measurement results are in good agreement which shows sharp skirt
and ultra-wide stopband of the UWB bandpass filter (Figure 9).
4.2 UWB bandpass filters using SLMMR
As illustrated in Figure 10, dual short stub-loaded resonator is presented to
construct UWB transmission characteristics [31]. Owing to symmetrical structure
Figure 6.
Electrical diagram of parallel-coupled line.
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of the presented SLMMR, classical odd-even-mode method can be introduced to
analyze the resonant modes of UWB filter. With even-mode excitation and odd-
mode excitation, the input admittance can be, respectively, written as follows:
Yine ¼ Yc
jY1 tan θ1 � jY2 cot θ2 þ jY3 tan θ3
 þ jYc tan θc
Yc þ �Y1 tan θ1 þ Y2 cot θ2 � Y3 tan θ3ð Þ tan θc (19)
Yino ¼ Yc
�jY1 cot θ1 � jY2 cot θ2 þ jY3 tan θ3
 þ jYc tan θc





Physical layout of the quintuple-mode resonator.
Figure 8.
Transmission coefficient |S21|versus weak coupling and strong coupling.
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By using the numerical calculation method mentioned in Figure 4, the design
graphs for implementing UWB bandpass filter are sketched in Figure 11. For
example, by properly choosing the values of θ2, the excited four resonant frequen-
cies can be easily adjusted to the desired UWB specifications. Therefore, the first
four resonant modes are located at 2.86, 5.58, 8.56, and 10.21 GHz, and the dimen-
sion parameters are optimized by IE3D as follows: L1 = 8, L2 = 1.6, L3 = 1.6 L4 = 1.4,
L5 = 1.2, L6 = 3, L7 = 2.5, L8 = 1, L9 = 4, L10 = 3.6, L11 = 8, W1 = 0.2, W2 = 0.3,
W3 = 0.6, W4 = 0.2, and W5 = 0.3. It can be observed in Figure 12 that simulation
results are in good agreement with measurement results, which shows UWB
bandpass characteristics with small and flat group delay in the passband.
4.3 UWB bandpass filters with multilayer structure
In order to design bandpass filter with UWB performance while occupied com-
pact size, dual-layered structure is proposed in [56]. The UWB filter is constructed
by substrate integrate waveguide (SIW) ridge resonator, and the bandwidth of the
UWB filter can be easily tuned by properly changing the width of rod in ridge
resonator. The scheme diagram is sketched in Figure 13.
Figure 9.
Simulated and measurement frequency responses of presented UWB.
Figure 10.
Schematic diagram of proposed UWB bandpass filter with SLMMR.
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As depicted in Figures 14 and 15, the bandwidth of UWB filter increases as the Rs
increases, and the coupling strength and the bandwidth are both decreased as RL
lessens; thus, the bandwidth of UWB filter can be easily tuned by properly adjusting
the Rs and RL, and design parameters are finally chosen asW0 = 0.4, L0 = 4,
W1 = 0.55, L1 = 4.85,W2 = 0.85, L2 = 5.1,W3 = 1.4, L3 = 4.9, W4 = 2.25, L4 = 4.74,
W5 = 3.15, and L5 = 4.1. For the purpose of validating the design methodology, the
dual-layer UWB bandpass filter is fabricated on the substrate of Rogers 6006 with
relative permittivity if 6.15 and measured. The measurement results indicate that the
proposed UWB filter is of extremely low insertion loss (<1 dB) and 47 dB stopband
suppression up to 17.4 GHz with compact size, which can be observed in Figure 16.
4.4 UWB bandpass filters with parallel-coupled lines
The parallel-coupled lines can also employ to design UWB bandpass filter with
simple structure. In [47], shorted coupled line structure and λ/4 shorted stub are
introduced to achieve UWB bandpass filter with compact size. The ideal transmis-
sion line model of proposed UWB bandpass filter is demonstrated in Figure 17.
Figure 11.
Design graph for SLMMR, (a) normalized even-mode resonance frequencies versus θ2, (b) normalized odd-
mode resonance frequencies versus θ2.
Figure 12.
Measured results versus simulated results of fabricated UWB filter.
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Since the shorted coupled line structure is not a symmetrical structure, the ABCD
matrix analysis method is employed to solve the input admittance of the proposed
UWB bandpass filter, and the Y-matrix of this filter can be written as
















Physical layout of the presented UWB filter. (a) Top band side view. (b) Front view.
Figure 14.
Different transmission characteristics versus varied Rs.
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Figure 15.
Variation of frequency responses against varied RL.
Figure 16.
Measurement results and simulated results of fabricated UWB filter.
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Configuration of proposed UWB bandpass filter with shorted coupled lines.
Figure 18.
Final circuit layout with dimension parameters of presented filter.
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Thus, transmission coefficient can be derived. By properly changing the
electrical lengths, UWB bandpass characteristics can be fulfilled, and the dimension
parameters can be determined by using full-wave EM simulator, as demonstrated in
Figure 18. Then simulation results and measurement results of fabricated UWB
bandpass filter are shown in Figure 19, which shows excellent passband perfor-
mance and multi-transmission zeros.
5. Microwave UWB bandpass filter with notch band
As illustrated in Figure 2, the UWB band has dramatic high FBW and surpris-
ingly 7.5 GHz absolute bandwidth; therefore, the UWB has got great potential in
many applications. However, a variety of undesired radio signal interferences and
noise exist in the UWB frequency spectrum covering 3.1–10.6 GHz. Such as
WiMAX (3.5 GHz), WLAN (5.2 GHz, 5.8 GHz), C-band satellite signals
(5.975–6.745 GHz, 6.725–7.025 GHz), and RFID (6.8 GHz). As shown in Figure 2,
some interference is introduced to the UWB communication system due to these
narrowband signals. Thus, several notches are required to filter out the unwanted
radio interference signals in UWB communication systems. In general, the methods
of introducing a notch band in the UWB bandpass filter is of same essence, which is
the electromagnetic energy of a certain frequency absorbed in the UWB band, so
that signals with this frequency has been shorted out and averted to transmit from
input to the output port. The design of the UWB notch filter has the following two
Figure 19.
Simulation and measurement results of presented UWB bandpass filter.
Figure 20.
Top view of the UWB bandpass filter with notch band.
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methods: first, introducing additional notch unit circuits and, second, introducing
lateral signal interference. The notch unit can be realized by various configurations,
which includes single-mode/multimode resonator, a defected ground structure res-
onator, a metamaterial resonator, etc. Ultimately, the purpose of introducing notch
unit circuits is to construct an electromagnetic absorption that set a notch in the
UWB. Obviously, the notch which is designed based on aforementioned method is
independently controllable. Furthermore, the number of notches can be easily
extended, such as dual-notch band UWB filter and triple-notch band UWB filter.
To approach UWB bandpass characteristics with notch band, open-ended stubs
can be applied to generate electromagnetic absorption [70]. The physical configu-
ration is shown in Figure 20. Triple pairs of dumbbell defected ground structure are
Figure 21.
The layout diagram of embedded open-circuited stubs and dual-notch band of proposed UWB filter.
Figure 22.
EM simulation results versus circuit simulation results versus measurement results of presented UWB notch
band bandpass filter.
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introduced to realize low-pass transmission characteristics with improved out-off-
band performance. Embedded open-circuited stubs are utilized to generate a pair of
notch band, which is located at 5.75 and 8.05 GHz, as depicted in Figure 21. The
developed filter is analyzed by using EM simulator CST microwave and fabricated
on TACONIC substrate of dielectric constant 2.2. Excellent agreement can be
observed which proves that the proposed UWB bandpass filter is of UWB with
dual-notch band characteristics and wide stopband, as illustrated in Figure 22.
6. Conclusion
The research significance of the UWB bandpass filters and several conventional
methods to achieve UWB bandpass filters with desired transmission performance is
reviewed in this chapter. As the key building block of the UWB technology, the
UWB bandpass filters can be realized by using several reliable design methodologies
with excellent frequency response performance, which is of great value for scien-
tific research and engineering significance.
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Abstract
UWB technology brings the convenience and mobility of wireless communica-
tions to very high-speed interconnects in the home and office due to the precision
capabilities combined with the low power. This makes it ideal for certain radio
frequency sensitive environments such as hospitals and healthcare as well as radars.
UWB intrusion-detection radar is used for detecting through the wall and also used
for security with fuse avoidance radar, precision locating and tracking (using dis-
tance measurements between radios), and precision time-of-arrival-based localiza-
tion approaches. The FCC issued a ruling in 2002 that allowed intentional UWB
emissions in the frequency range between 3.1 and 10.6 GHz, subject to certain
restrictions for the emission power spectrum. Other definitions for ultra-wideband
range of frequency are also used such as any device that has 500 MHz bandwidth or
fractional bandwidth greater than 25% is considered an UWB enable high data rate
to be transferred with a very low power that does not exceed 41.3 dBm.
The main advantage of UWB technology is that it has the ability to transmit high
bandwidth data between various devices with distances in the order of 10 m far
from each other, such as home or office appliances with high sped transfer which
may reach 1Gbit/s.
There are many components that are designed and used in UWB systems such as
antennas, power dividers/combiners, filters (LPF, BPF, etc.), rectennas, filtennas, etc.
Many types of antennas are able to achieve UWB. Monopole antennas are usu-
ally used as linearly polarized antennas which prove to be the best whelming choice
for use in various automobiles and mobile equipment. Log parodic and Yagi anten-
nas are other types of UWB with high gain. Electromagnetic band gap (EBG)
structure as defected ground or split ring resonator are also used to improve the
antenna bandwidth and achieve UWB.
ManyUWB filters are designed and implemented usingmodern techniques such as
meta-material, tuning stubs, defected ground structures,modified CMRC (compact
microstrip resonant cell), etc. These filtersmaybe switchable or tunable in order tomake
notch frequencieswithin thepassband toprovide interference immunity fromunwanted
radio signals, such as wireless local area networks (WLAN) andworldwide interopera-
bility formicrowave access (WiMAX) that cohabit within theUWB spectrum.
The need of compact multiband filtenna (filter combined with antenna) with the
ability of covering the current standards at themicrowave band and the next generation
standards at the millimeter wave band simultaneously is raising. Also, the operation of
cognitive radio and self-adaptive systems need to dynamically monitor the frequency
spectrum in search of the unused licensed channels. All these applications need different
types of filtenna which may be fixed, switchable or tunable that can operate in the
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UWB range of frequency and also with narrow bandmodes to cover for example
UWB/WiMAX applications.
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1. Introduction
In recent years, UWB technology has mostly focused on consumer electronics
and wireless communications. Federal Communication Commission (FCC) issued a
report in February 2002, allowing the commercial and unlicensed deployment of
UWB applications in USA for both indoor and outdoor spectral mask. This wide
frequency allocation initiated a lot of researches from both industry and academia
[1]. UWB is used for short and medium range of radio communications and posi-
tioning applications.
The European regulatory body issue similar restrictions are shown in Figure 1.
The key limitations for wireless communication using UWB are mentioned in [2–4].
UWB impulse radio system has several advantages over other conventional
systems [5].
i. High data rate wireless transmission: UWB systems can support more than
500 Mb/s data transmission rate in the range of 10 m, which enables for new
services and applications.
ii. High precision ranging: UWB systems have good time-domain resolution and
it could be provided centimeter accuracy for location and tracking applications.
iii. UWB is used for location and tracking applications with cm accuracy.
iv. UWB can operate under LOS and NLOS environments for signal penetrating
obstacles.
v. UWB system is capable of resistance to multipath fading.
vi. The power spectral density is very low so it is secure and can coexist with
other services such as WLAN, GPS, cellular system, etc.
vii.The UWB system has low cost due to using CMOS technology.
Figure 1.
European regulatory body spectrum.
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Due to UWB technology and using nanosecond pulses in many applications such
as military and biotechnology applications [6–8], the need for very broadband
circularly polarized antenna has emerged. These UWB CP antennas are the
substitution of the narrowband CP microstrip patch antennas [8–10].
One of the most commonly used devices to control the spectrum of radio
frequency signals and necessary in an UWB radio system whether in impulse system
or multiband system, in order to reconfigure the UWB signal to satisfy the spectrum
regulation is the filter. Ultra-wide band (UWB) band-pass filter that achieves ultra
bandwidth from 3.1 to 10.6, low insertion loss, low and flat group delay, out-band
performance can be considered a well-designed UWB band-pass filter.
In UWB band-pass filters, one can use many techniques in their design such as
composite low-pass and high-pass structure [11], multiple-mode resonator struc-
ture [14], and short-circuited stub [12, 13]. Because UBW components occupy a
large bandwidth which may be extended from 3.1 up to 10.6 GHz, interference
attenuation due to coexisting services should be avoided. This is the motivation of
using switchable or tunable narrow band notch within the passband of the UWB
filter [15–17]. This may be achieved by many methods such as using additional
notch resonators [18], embedded open stubs [19], asymmetric coupled fed lines
[20], out-of-phase transmission cancelation [21], meander-line slots [22], and
short-circuited stub resonators in a multilayer periodical structure [23].
To deal with different co-existed communication needs, the reconfigurable
notch band implementation is required, but little research is concentrated on a
UWB BPF with reconfigurable, switchable, or tunable notch bands as in [24–26].
An HFSS, FEM-based, 3D full wave electromagnetic solver simulator by ANSYS
as well as CST were used for the design of all designed antennas. Also, ADS was
used to design the filters and filtennas in addition to the above electromagnetic
simulators in this chapter.
This chapter describes one example for printed millimeter wave antenna
implementations, illustrating specific and interesting particular solutions for their
design and two shapes of single UWB antenna in radio frequency range. In addition,
two examples of UWB filters and one example of UWB filtennas are introduced.
2. UWB millimeter wave antenna
Classical antenna as reflector, lens, and horn type antennas have been used
in millimeter-wave devices. But for low-cost, these antennas are commercial
expensive devices, bulky, heavy and require complex feeding in an array system.
In addition, they are very difficult to integrate with solid-state devices [6–9].
However, the microstrip antennas (MPAs) are narrow bandwidth and are large size
about half-wavelength structures.
2.1 UWB slot antennas for linear and circular polarizations
Three different types of broad multi-band linearly and circularly polarized slot
antennas (rectangular-, circular-, and triangular-shaped slots) for millimeter wave
wireless communication applications [27] are shown in Figures 2 and 3, respec-
tively. Proposed antenna consists of a slot radiator on the top metal layer and
coupled to a rectangular dielectric resonator above the slot. The conventional
microstrip-line-feed is used for different shapes of slot antennas. Final designed
antennas were fabricated, and their characteristics were measured as reflection
coefficient. The bandwidth of |S11| < 10 dB was extended from 19.5 up to 75 GHz.
This band covers wireless MM-wave applications and wireless networks, and the
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WLAN, WPAN, and W-bands and most of 5th Generation mobile [28–32]. The
average radiation efficiency and gain over the entire operating band are about 60%
and 6 dBi, respectively [27]. Printed different shapes of slot antenna show small
dimensions (Lg  Wg) cut at different shapes of slots on larger conductor and are
centered above the microstrip-feed line. The microstrip feed line is composed of a
straight section of length Lf. To improve the antenna reflection coefficient response,
a square stub slot is added with the side length S = 0.6 mm for further improvement
in the antenna impedance matching as shown in Figure 2. The width of the tuning
line is equal to that of the 50 Ω microstrip line (Wf = 0.56 mm). The optimized
dimensions of the proposed antennas are shown in Table 1.
2.1.1 Linearly polarized antennas
The first shape of antenna design is either square with side length = 3.5 mm or
rectangular slot with dimensions L = 2.9 mm and W = 4 mm as shown in Figure 2
(a). The antenna reflection coefficient |S11| is shown in Figure 4(a). Figure 4(a)
shows that two antenna designs were examined with the same start and end of the
operating resonate frequency band from 19.5 to 75 GHz. The square slot shaped
antenna has bandwidth discontinuities from 34 to 45 GHz. The second shape
included in this study is the circular and elliptical shaped slot as shown in
Figure 2.
Different shapes of slot antenna for LP (a) rectangular, (b) circular, (c) triangular, and (d) side view [27].
Figure 3.
Shapes of slot antenna for circular polarization (a) rectangular, (b) circular, and (c) triangular [27].
104
UWB Technology - Circuits and Systems
Figure 2(b). The ellipse slot major diameter is W = 4 mm, and different radius
ratios were used including the design with a ratio equal to 1.35 as shown in Figure 4(b).
The |S11| response shows that the optimal bandwidth at |S11| < 10 dB is obtained
using a circular slot shape. The bandwidth extends from 21 to 80 GHz in this case,
while for the case of the elliptical slot, the bandwidth starts from 28 GHz and has
the same end at 80 GHz as shown in Figure 4(b). The triangular shape is the third
slot shape used in this study, and it is compared to trapezoidal as an intermediate
stage between a triangle and a rectangle slot as shown in Figure 2(c). Figure 4(c)
shows that both of the stated shapes resonate at frequencies higher than the other
previous shapes, as it starts from 29 GHz.
2.1.2 Slot antennas for circularly polarized
Single-feed MPAs for CP are usually achieved by using traditional simple
changes in the shape of the patch such as truncating corners, using nearly square or
nearly circular patches, cutting a diagonal slot in the square or circular patches,
protruding or inserting a pair of symmetric perturbation elements at the boundary
of a circular patch [33–35]. However, this type produced narrow axial ratio (AR)
bandwidth. The dual-fed and sequential array structure produced wider AR band-
width, but this requires more complicated design and may occupy larger space. Slot
antennas are expected to overcome the limited bandwidth problem as well as
similar changes in the slot shape could be used to achieve CP.
Rectangular notches etched in the rectangular slot are used as a way to improve
the 3 dB AR bandwidth as shown in Figure 5(a). The notch width C1 = C2 = 0.7 mm
gives the best wideband AR. The comparison of AR between measured and simu-
lated is also shown in Figure 5(a).
In the proposed design, a square stub with dimension side K was added to the
circular shaped slot to achieve the CP performance. The stub is added at a radial
distance t from square stub. The locations of this stub set the AR bandwidth without
degrading the antenna performance as shown in Figure 5(b). This figure shows that
the stub with notch at a distance t = 3 mm gives the best performance AR
Wg Lg W Lr Lftc K Lt K2 d1 t
7 10 4 2.9 11.6 0.25 4.5 0.6 0.7 4.5
Lfr Lfc Wf S Lt C1 C2 K2 d1 t
8.6 8.5 0.56 0.6 4 0.7 0.7 0.6 0.7 4.5
Table 1.
The optimized antennas (all dimensions in mm) [27].
Figure 4.
Antenna |S11| response with different slot shapes (a) rectangular, (b) circular, and (c) triangular [27].
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Figure 2(b). The ellipse slot major diameter is W = 4 mm, and different radius
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bandwidth. However, AR bandwidth discontinuities appear from 40 to 55 GHz. The
comparison results of AR values simulated and measured at t = 3 mm is shown in
Figure 5(b). Finally, for the triangular slot shape, a truncated corner was used. To
improve the AR bandwidth, an L-shaped strip was added at the other triangular
corner with width 0.1 mm as shown in Figure 3. The bandwidth for simulated and
measured AR values for the triangular CP antenna is shown in Figure 5(c). From
previous shapes, it appears that rectangular shaped slot with notches gives wide
axial ratio bandwidth without degrading the antenna bandwidth.
2.1.3 Experimental results and discussion
The proposed antenna designs were fabricated by using milling machine tech-
nology with 0.1 mm accuracy on Rogers 6035HTC substrate with a 0.25 dielectric
thickness and 0.017-mm copper thickness. A 1.85-mm end launcher connector is
used to measure the proposed antennas. The simulation reflection coefficient was
verified by comparison with the experimental results of the antennas by using
37397C Anritsu vector network analyzer. Photos of the fabricated antennas are
shown in Figures 6 and 7. The comparison between measured and simulated |S11|
for linearly and circularly proposed antennas are shown in Figure 8(i) and (ii),
respectively. The measurement and simulation result data are in a good agreement.
Measured results ended at 65 GHz as it is the end-point of the network analyzer.
The rectangular slot shape gives the best antenna performance for linearly and
circularly polarized slots. These designs also have low profile, wide impedance
bandwidth |S11| < 10 dB, and wide 3 dB axial ratio.
Figure 5.
Axial ratio of the antennas with different slot shapes (a) rectangular, (b) circular, and (c) triangular [27].
Figure 6.
Photo of fabricated linear polarized slot antenna, (a) rectangular, (b) circular, and
(c) triangular shaped [27].
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3. UWB antenna in radio frequency range
Planar microwave circuitry has generated attractive radiating structures with
high gain, low weight, reliability, ease of manufacturing and integration such as the
Vivaldi antennas [36, 37], and the tapered slot antenna [38] for UWB antennas. The
printed planar log-periodic dipole (LPDA) is the most suitable solution microwave
frequencies [39]. LPDAs have a lot of advantages, such as directive radiation pat-
tern, linear polarization and low cross polarization ratio over a wide frequency
range [5]. At the beginning, coaxial cable was used for feeding the printed LPDAs at
the radio and the TV frequency bands; however, it was found that the performance
became worse when frequency increases. Due to huge increase in data traffic, there
is a requirement for wireless networks which support both data and voice transfer
simultaneously for short-range wireless communication systems [1, 2].
Figure 7.
Photo of fabricated circular polarized slot antenna, (a) rectangular, (b) circular, and
(c) triangular shaped [27].
Figure 8.
Measured and simulated |S11| of (i) linear polarized (a) rectangular, (b) circular, and (c) triangular slot
shaped and (ii) circular polarized (a) rectangular, (b) circular, and (c) triangular slot shaped [27].
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bandwidth. However, AR bandwidth discontinuities appear from 40 to 55 GHz. The
comparison results of AR values simulated and measured at t = 3 mm is shown in
Figure 5(b). Finally, for the triangular slot shape, a truncated corner was used. To
improve the AR bandwidth, an L-shaped strip was added at the other triangular
corner with width 0.1 mm as shown in Figure 3. The bandwidth for simulated and
measured AR values for the triangular CP antenna is shown in Figure 5(c). From
previous shapes, it appears that rectangular shaped slot with notches gives wide
axial ratio bandwidth without degrading the antenna bandwidth.
2.1.3 Experimental results and discussion
The proposed antenna designs were fabricated by using milling machine tech-
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thickness and 0.017-mm copper thickness. A 1.85-mm end launcher connector is
used to measure the proposed antennas. The simulation reflection coefficient was
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shown in Figures 6 and 7. The comparison between measured and simulated |S11|
for linearly and circularly proposed antennas are shown in Figure 8(i) and (ii),
respectively. The measurement and simulation result data are in a good agreement.
Measured results ended at 65 GHz as it is the end-point of the network analyzer.
The rectangular slot shape gives the best antenna performance for linearly and
circularly polarized slots. These designs also have low profile, wide impedance
bandwidth |S11| < 10 dB, and wide 3 dB axial ratio.
Figure 5.
Axial ratio of the antennas with different slot shapes (a) rectangular, (b) circular, and (c) triangular [27].
Figure 6.
Photo of fabricated linear polarized slot antenna, (a) rectangular, (b) circular, and
(c) triangular shaped [27].
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printed planar log-periodic dipole (LPDA) is the most suitable solution microwave
frequencies [39]. LPDAs have a lot of advantages, such as directive radiation pat-
tern, linear polarization and low cross polarization ratio over a wide frequency
range [5]. At the beginning, coaxial cable was used for feeding the printed LPDAs at
the radio and the TV frequency bands; however, it was found that the performance
became worse when frequency increases. Due to huge increase in data traffic, there
is a requirement for wireless networks which support both data and voice transfer
simultaneously for short-range wireless communication systems [1, 2].
Figure 7.
Photo of fabricated circular polarized slot antenna, (a) rectangular, (b) circular, and
(c) triangular shaped [27].
Figure 8.
Measured and simulated |S11| of (i) linear polarized (a) rectangular, (b) circular, and (c) triangular slot
shaped and (ii) circular polarized (a) rectangular, (b) circular, and (c) triangular slot shaped [27].
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3.1 UWB CPW-fed LPDA for wireless applications
This section presents a LPDA for UWB applications [39]. The antenna consists of
cascading four U-shaped elements of different line lengths with balun circuit to
improve the antenna impedance matching. The proposed antenna area dimensions
are 50  50 mm2 built on FR4 substrate thickness 0.8 mm. Simulator HFSS is used
for modeling the designed antenna. The pulse distortion is verified by measuring the
proposed antenna performance with virtually steady group delay. The simulation
and measurement results show that the designed antenna exhibits good impedance
matching, stable radiation patterns throughout the whole operating frequency
bands, acceptable gain and stable group delay over the entire operating band.
LPDA is UWB with the multiple resonance property; its bandwidth can be
enhanced by increasing the number of the dipole elements [40–42]. Balanced struc-
ture, CPW fed antennas are very good candidates since the feed lines and the slots
are on the same side of the substrate. There are many researches done to design
LPDA but most of the published papers are not compact and their length is near
from wavelength. The compact antenna dimensions, as shown in Figure 9, are
50 50  0.8 mm3. The proposed USLPDA antenna introduces USUWB with the
multiple resonant property and compact size compared to earlier designs where UWB
was realized using a rectangular slot [43], U-shaped dipole elements or stubs [38].
The bandwidth of this antenna at 10 dB reflection coefficient extends from 1.85 to
11 GHz which is wide enough to cover the FCC approved UWB in addition to wireless
communications. The antenna exhibits good performance and can operate at wireless
applications.
3.1.1 Geometry antenna and design
The designed geometry antenna is shown in Figure 9; the antenna is composed
of four different lengths with U-shaped stubs. The lengths and spacing of the
elements of LPDA increase logarithmically from one end to the other. The design of
the LPDA is used where a wide range of frequencies is needed while still having
moderate gain and directionality. The simulator HFSS is used to validate and opti-
mize by simulating the designed antenna. The designed antenna is built on a com-
mercial FR4 substrate with dielectric constant εr = 4.6, and loss tangent tan δ = 0.02.
The antenna is fed by a 50 Ω transmission line, which can be easily integrated with
other microwave circuits printed on the same substrate. For designing procedure,
Figure 9.
Layout of the proposed log periodic dipole antenna (semi-LPDA) [39].
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the number of trial steps is needed, the scale-factor τ, spacing factor δ, and the
number of the dipole elements N should be determined. Second, the length of the
longest arm, which responses to the lowest resonance frequency f1, should be











N ¼ 1� lnBs=ln τð Þ (4)
Ba ¼ 1:1þ 30:7 δ 1� τð Þ (5)
Bs ¼ BaBo (6)
where λ1eff, Bo, N, and int i are the longest effective operating wavelength, the
operating frequency, number of elements, and i is an integer that varies from 2 to 5,
respectively. To improve the impedance, matching the balun circuit with suitable
dimensions is used as shown in Figure 9. Table 2 introduces the dimensions of the
proposed antenna [39].
3.1.2 Measured results
The designed antenna is fabricated by using photolithographic technique, as
shown in Figure 10, and parameter performance is measured. The simulated and
measured input reflection coefficient of the antennas is in good agreement, as
shown in Figure 10(b). The designed dipole impedance bandwidth at �10 dB of
antenna extended from 1.85 to 11 GHz to cover most of the wireless applications
and FCC UWB regulation. The antenna gain data are compared between measured
and simulated results as shown in Figure 11. The designed LPDA antenna achieves
simulated average gain 5.5 dBi, and the peak realized gain around 6.5 dBi at 2.7 GHz
as shown in Figure 11(a). The measured results show very good agreement with
simulated results and about �3 dBi difference on average over the operating band.
Wheeler cap method [44] can be used to calculate the antenna radiation efficiency.
The average radiation efficiency is around 70% over the operating band as shown in
Figure 11(b).
Then the radiation efficiency measured result is done by using horn antenna to
complete the designed antenna radiation efficiency measurement as shown in
Figure 11(b). In the designed antenna, the radiator and the ground plane are
contributing to radiation. For UWB applications, omnidirectional radiation pattern
is an important requirement. At lower frequency band of operation, the pattern
resembles a conventional dipole antenna, but at higher end of the UWB spectrum,
Lsub Lg Wsub Wg W1 W2 W3 S g W4
50 13.5 50 24 15.3 11.7 8.5 0.9 0.6 6
Lsep L4 Lfeed L3 L1 L2 Wf K P d
7.6 2.1 45 2.8 3.6 3 6 8.5 4.5 1000
Table 2.
Dimensions of the proposed antenna (dimensions in mm) [39].
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some ripples are observed which are attributed to higher order modes. There are
discrepancies observed at higher frequency band spectrum, which arises due to
measurement setup.
For UWB applications, group delay is an important factor in communication
systems, for example, medical applications systems, security systems, and satellite
communication systems, which are used for transmitting. To avoid occurring of
distortion, it is recommended that the spectrum is treated in the same manner, over
the proposed bandwidth of frequencies. When GD ripples are large, they may cause
unsatisfactory distortion in the signal of a transmitting radio system. So, in radio
system designs, there are specifications for how much a GD may be accepted. In
nonlinear systems, nonlinear distortion happens since the magnitude of frequency
response is not constant, and the phase response is nonlinear. The phase distortion
could be used to measure GD, the phase characteristics must have a linear slope so
that the ratio is constant for all frequencies and this represents a constant GD [44].
To measure the GD between two antennas with spacing d = 1 m, the usual practice
Figure 10.
(a) GD simulated structures and (b) comparison between measured and simulated GD of LPDA [40].
Figure 11.
(a) Fabricated LPDA antenna and (b) |S11|comparison between simulated and measured results [40].
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is to derive Q/ω for |S21| phase. However, it is desirable that the same antenna is
used for transition and receiving. High GD variations occur due to the steep phase
shift over frequency, which may cause unsatisfactory distortions in the signal.
Figure 12 illustrates the simulated GD, and it can be noticed that the average group
delay is about 1.5  109 second.
3.2 UWB monopole antenna using split ring resonator structure
This section presents designed steps to model an UWB monopole antenna. The
designed antenna is composed of three different lengths of semi-circular shapes
connected with circular disk and half circular modified ground plane. The designed
antenna has an area equal 50  50 mm2 on a low cost FR4 substrate [45]. The
antenna demonstrates impedance bandwidth of 10 dB extended from 1.5 to
11 GHz with discontinuous bandwidth at different interior operating bands. Two
pairs of SRR as metamaterial structure cells are inserted closely located from feed-
ing transmission line of the antenna to achieve good impedance matching over the
entire band of operation and improve the antenna performance. The fundamental
parameters of the antenna including reflection coefficient, gain, radiation pattern,
and group delay are obtained, and they meet the acceptable UWB antenna standard.
Simulator HFSS ver. 14 is used as full wave electromagnetic solver then the pro-
totypes are fabricated and measured. Results show that the antenna is very suitable
for the applications in UWB as well as wireless communication systems.
For use in UWB systems, printedmonopole patch antenna (PMPA) is an extremely
attractive candidate because of its wide impedance bandwidth, omnidirectional
azimuthal radiation pattern, low profile, and ease of integration with active devices
and fabrication [46]. The design equation for lower band edge frequency has been
reported in the literature. Moreover, these antennas are analyzed by using the fre-
quency domain characteristics like return loss, gain, radiation pattern, surface current
distribution, and group delay. Different narrowband services like WLAN, WiMax,
GSM, UMTS, Wi-Fi, WMTS, ISM, UNII, DECT, European Hiper LAN I, II, and UWB
(3.1–10.6 GHz) applications [1] could be obtained by using single UWB antenna.
A SRR is one of the electrically smallest resonant elements. It has many applica-
tions ranging from compact filters to advanced metamaterials. SRR has also a
significant importance in electrically small antennas [46]. Metamaterials are good
candidate for enhancement of the performances of different antennas. There are
Figure 12.
Comparison between simulated and measured results (a) gain and (b) radiation efficiency of LPDA [40].
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varieties of SRR structures that have been reported in the literature like square,
circular, triangular, omega, and labyrinth resonator [47].
3.2.1 Antenna structure and geometry
The designed antenna structure is composed of three connected semicircular arc
monopoles with circular patch fed by microstrip transmission line and modified
half circular shaped ground plane as shown in Figure 13. The initial design is
validated and optimized by simulating the proposed antenna. The proposed antenna
is designed on FR4 substrate with height 1.6 mm, dielectric constant εr = 4.6, and
loss tangent tan δ = 0.02. The antenna is fed by a 50-Ω transmission line (TL).
3.2.2 Design and EM models with parametric study
The main design parameter for UWB antenna is the lower frequency edge (fL)
rather than the resonance frequency (fr) as in Eq. (7). The lower band edge fre-
quency of the designed antenna is calculated approximately by equating their sur-
face area with that of an equivalent cylindrical monopole antenna of the same
height as given by [45]. If R1 is the height of the planar monopole antenna in cm,
which is taken the same as that of an equivalent cylindrical monopole, and r in cm is
the effective radius of the equivalent cylindrical monopole antenna, which is deter-
mined by equating area of the planar and cylindrical monopole antennas, then the
lower band edge frequency is given as [45]:
f L ¼
7:2
Lf þ R1 þ rGHz (7)
where Lf is the length of the 50 Ω feed line in cm.
Figure 13.
Evolution of the design steps of the proposed printed monopole. (a) First step, (b) second step, (c) third step,
(d) fourth step, (e) fifth step, and (f) sixth step [45].
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The design started with first semi arc 1800 with radius 25 mm and with 5 mm
width modified ground plane Lg = 19 mm as shown in Figure 13(a), and related |S11|
is shown in Figure 14. To improve the bandwidth, second semi sector with radius
17 mm and width 3.5 mm as shown in Figure 13(b) with the same previous
dimensions is added to add second resonant as shown in Figure 14. Third sector
with radius 7.5 mm and width 2.5 mm is added, and keeping previous dimensions
the same as shown in Figure 13(c), a third resonance is achieved as shown in
Figure 14. Another extension of the bandwidth is done by adding circular disk with
radius 4 mm as shown in Figure 13(d), and related reflection coefficient is shown in
Figure 14. Modified ground plane is used to improve the bandwidth with ellipse
with major radius 25 mm and minor radius 15 mm, as shown in Figure 13(e), is
suggested, and the related reflection is shown in Figure 14. The evolution of
designing the proposed configuration is demonstrated in Figure 13(f), and their
corresponding optimized dimensions are tabulated in Table 3. The antenna gain
and radiation efficiency are also studied as shown in Figure 15. The proposed
antenna with SRR achieves an average gain of 7.5 dBi, and the peak realized gain
around 22.5 dBi at 7.5 GHz as shown in Figure 15(a). The designed antenna gain
without SRR achieves an average gain around 5.5 dBi, while peak gain realized is
15 dBi at 8.5 and 10 GHz. The gain of the designed antenna is also measured, and
there is good agreement between results especially at high frequency. The antenna
radiation efficiency was simulated for both monopole antennas with and without
SRR by using wheeler cap method [44]. The average radiation efficiency is around
70% over the operating bands for PMPA with SRR and around 65% without SRR as
shown in Figure 15(b).
Figure 14.
Design procedures of the proposed antenna [45].
Lsub Wsub W1 W2 W3 R1 R2
50 50 5 3.5 2.5 25 17
R3 Rs S1 S2 Wf Lf Rg
7.5 4 5 2.4 3 20 20
Table 3.
Dimensions of the proposed antenna (all dimensions in mm) [45].
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3.2.3 Implementation and measured results
The prototype of the proposed antenna is shown in Figure 16. The performance
parameters of the fabricated designed antennas are measured. The comparison
results of simulated and measured input |S11| of the antennas are found to be in very
good agreement, as shown in Figure 17. The 10 dB bandwidth of the designed
monopole antenna with SRR extended from 1.5 to 11 GHz to cover most wireless
Figure 15.
(a) Antenna gain versus frequency and (b) simulated radiation efficiency with and without SRR [45].
Figure 16.
Fabricated antenna (a) upper layer without SRR (b) upper layer with SRR, and (c) bottom layer [45].
Figure 17.
Simulated and measured results of (a) monopole without SRR and (b) monopole with SRR [45].
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application and FCC UWB regulation. It is fabricated by using photolithographic
technique, and the measurements were carried out by using a Rohde & Schwarz
ZVA67 vector network analyzer from 50 MHz to 67 GHz.
4. UWB filter
A filter is a two-port network that is used to control frequency response in a
system. Filters can be classified into three main groups of active (requiring external
power source), passive (no need for external power), and hybrid filters. Microwave
systems are often involved with power conservation and noise control, and there-
fore, active filters are generally considered as last alternative. Passive filters are,
however, further divided into lumped and distributed. The former consists of
lumped components (including capacitors, inductors, resistors, and magnetic and
electromechanical components), and the latter comprises a periodic conducting
structure with various dielectric media. Inductors and capacitors form LC filters
whereas resistors and capacitors form RC filters. Although resistors introduce loss
to the circuit, they are generally used for broad banding (matching) purposes.
4.1 UWB band-pass filter with sharp tuned notched band rejection based on
CRLH transmission-line unit cell
A compact UWB BPF with reconfigurable notch bands based on CRLH trans-
mission line unit cell has been designed, simulated, and fabricated [48]. Two pack-
ages of software are used, namely, CST MWS and 3D EM commercial software
HFSS version 13.0. The simulated and measured results are comparable. This filter
has the advantage of very small size, and it also has four notched frequencies in its
passband. The notched bands suppress the narrow-band services such as WLAN
and WiMAX. One can control the center frequency of the notched band by varying
the length L6 of the stub. The total area of the filter is 16.4  5 mm2. This small area
makes it suitable for modern applications which need miniaturization.
4.1.1 Proposed filter design
The proposed filter is designed based on the filter described in Ref. [49] but with
a new contribution which is notched controllable tunable four sharp rejection bands
by adjusting the length of the coupling stub using diode switching matrix tools
(instead of using PIN diodes).
Figure 18 shows the proposed microstrip UWB-BPF with tuned notched pass-
band based on CRLH transmission-line unit cell. The optimized dimensions of the
proposed filter are as shown in Table 4.
The dimension of the multi-mode section as shown in Figure 18 is 4.4  1.5 mm,
the length of the shunted inductive line is 3.1 mm, and the overall dimension of the
proposed filter is 16.4  5.0 mm. Based on the above description, the design
procedure can be as follows:
i. The notched band depends on the coupling stub (L6) in the output section.
ii. The notch frequency of the filter can be changed by adjusting the length of
the coupling stub L6. As L6 increases, the center notch frequency decreases as
shown in Table 5. The length L6 is controlled by using switching matrix
equipment (mini circuit) where the character D refers to the diode.
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4.1.1 Proposed filter design
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equipment (mini circuit) where the character D refers to the diode.
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4.1.2 Fabrication and measurements
The filter was fabricated using a photolithographic technique on Rogers RT/
Duroid 5880 with εr = 2.2, h = 0.787 mm, and tan δ = 0.0009. The photograph of the
fabricated filter is shown in Figure 19. The measured and simulated S11 and S21 for
different stub lengths are shown in Figure 20(a)–(d). The UWB bandwidth
extends between 3.1 and 10.6 GHz. There are four notched frequencies for the
L1 L2 L3 L4 L5 L7 L8 w1 w2
9.3 3.4 4 5.2 7.2 5.3 3.3 0.3 0.2
g1 g2 g3 g4 g5 g6 g7 g8 g9
0.3 0.9 0.9 0.2 0.3 0.4 0.2 0.2 0.5
Table 4.
Optimized dimensions of the proposed filter (all dimensions are in mm) [48].
Diode states L6 (mm) fnotch (GHz)
D1, D2, D3 (off) 2 6.18
D1(on), D2, D3 (off) 3.1 5.9
D1, D2(on), D3(off) 4.2 5.7
D1, D2, D3 (on) 5.3 5.5
Table 5.
(fnotch) against (L6) variation [48].
Figure 18.
The proposed filter [48].
Figure 19.
A photo for the fabricated filter [48].
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different stub lengths (L6 = 2.2, 3.1, 4.2 and 5.3 mm). The overall dimension of the
filter is 16.4  5 mm, which is considered very compact compared to other
published designs with the same characteristics. Figure 20(a) shows the measured
and simulated S11 and S21 with L6 = 2 mm and fnotch = 6.18 GHz. Figure 20(b) shows
the measured and simulated S11 and S21 with L6 = 3.1 mm and fnotch = 5.9 GHz.
Figure 20(c) shows the measured and simulated S11 and S21 with L6 = 4.2 mm and
fnotch = 5.7 GHz. Figure 20(d) shows the measured and simulated S11 and S21 with
L6 = 5.3 mm and fnotch = 5.5 GHz. Good agreement was found between the measured
data and simulated results.
4.2 Electronically switchable ultra-wide band/dual-band band-pass filter using
defected ground structures
Ref. [50] proposed a suitable UWB to dual-band band-pass filter with defected
ground structure DGS. This filter consists of four parts, namely, meandered inter
digital coupled line sections, stepped impedance open stubs, coupled lines, and
rectangular DGS. The filter is miniaturized and has a total area of 12.5  10 mm,
Figure 21. This filter is fabricated on Duroid Teflon substrate with a dielectric
constant of 2.2 and a dielectric height of 0.7874 mm. The UWB mode extends from
3.6 up to 10.6 GHz with attenuation greater than 20 dB up to 18 GHz (upper
stopband). The dual passbands extended from 3.8 up to 18 GHz (upper stopband).
The dual passbands extend from 3.8 up to 5 GHz and from 9.5 up to 10.8 GHz. The
proposed filter suppresses WiMAX and X (military) band of satellite that extends
from 7 up to 8 GHz. The filter is designed, fabricated, and measured. The mode of
the filter is changed by using suitable matrix equipment [50].
DGS at input and output ports of the proposed filter produces two resonances at
7.5 and 9.6 GHz and improve the performance of proposed filter while an overall
size reduction of 20% is obtained. The meander lines and stepped impedance open
stub are also used to reduce the overall size. By adjusting the connection between
Figure 20.
The simulated and measured S11 and S21 for different L6 lengths, (a) L6 = 2.0 mm, (b) L6 = 3.1 mm,
(c) L6 = 4.2 mm, and (d) L6 = 5.3 mm [48].
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different stub lengths (L6 = 2.2, 3.1, 4.2 and 5.3 mm). The overall dimension of the
filter is 16.4  5 mm, which is considered very compact compared to other
published designs with the same characteristics. Figure 20(a) shows the measured
and simulated S11 and S21 with L6 = 2 mm and fnotch = 6.18 GHz. Figure 20(b) shows
the measured and simulated S11 and S21 with L6 = 3.1 mm and fnotch = 5.9 GHz.
Figure 20(c) shows the measured and simulated S11 and S21 with L6 = 4.2 mm and
fnotch = 5.7 GHz. Figure 20(d) shows the measured and simulated S11 and S21 with
L6 = 5.3 mm and fnotch = 5.5 GHz. Good agreement was found between the measured
data and simulated results.
4.2 Electronically switchable ultra-wide band/dual-band band-pass filter using
defected ground structures
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ground structure DGS. This filter consists of four parts, namely, meandered inter
digital coupled line sections, stepped impedance open stubs, coupled lines, and
rectangular DGS. The filter is miniaturized and has a total area of 12.5  10 mm,
Figure 21. This filter is fabricated on Duroid Teflon substrate with a dielectric
constant of 2.2 and a dielectric height of 0.7874 mm. The UWB mode extends from
3.6 up to 10.6 GHz with attenuation greater than 20 dB up to 18 GHz (upper
stopband). The dual passbands extended from 3.8 up to 18 GHz (upper stopband).
The dual passbands extend from 3.8 up to 5 GHz and from 9.5 up to 10.8 GHz. The
proposed filter suppresses WiMAX and X (military) band of satellite that extends
from 7 up to 8 GHz. The filter is designed, fabricated, and measured. The mode of
the filter is changed by using suitable matrix equipment [50].
DGS at input and output ports of the proposed filter produces two resonances at
7.5 and 9.6 GHz and improve the performance of proposed filter while an overall
size reduction of 20% is obtained. The meander lines and stepped impedance open
stub are also used to reduce the overall size. By adjusting the connection between
Figure 20.
The simulated and measured S11 and S21 for different L6 lengths, (a) L6 = 2.0 mm, (b) L6 = 3.1 mm,
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the coupled lines in the center of the design, the center frequency and 3 dB fre-
quency band can be easily adjusted. The proposed filter achieves UWB performance
with good selectivity and low insertion loss in the passband from 3.6 to 10.5 GHz
and good stopband from 10.6 to 18 GHz. Moreover, it achieves dual bands with
good stopband from 5 to 9.5 GHz and from 10.8 to 18 GHz by using open circuit
stub to suppress unwanted interference signals in the band of WLAN,WIMAX, and
X (Military) band of satellite. All dimensions of the proposed filter are as follows:
L1 = 3.75 mm, L2 = 1.95 mm, L3 = 1.8 mm, L4 = 7.5 mm, L5 = 2.1 mm, L6 = 1 mm,
L7 = 5.65 mm, W1 = 0.2 mm, W2 = 0.5 mm, W3 = 0.15 mm, g1 = 0.2 mm,
g2 = 0.2 mm, and g3 = 0.3 mm. The simulated S11 and S21 are shown in Figure 24.
4.2.1 The equivalent lumped circuit model analysis of the proposed design
Figure 22 shows the equivalent lumped circuit model of the proposed UWB BPF
that is shown in Figure 21. The equivalent lumped circuit model results are
obtained using circuit model tool of the Advanced Design System (ADS) 2017. The
lumped element values are manually optimized by changing each element value, so
that it can have good agreement with the simulated results obtained from the full
wave simulator.
The whole equivalent circuit of the proposed filter can be divided into the
following subsections: DGS part at input and output ports, interdigital coupled lines
and stepped impedance open stub. As shown in the lumped element model
(Figure 22), Rd1, Cd1, Ld1, Rd2, Cd2, and Ld2 represent the equivalent resistance,
Figure 21.
The structure of the proposed filter [50].
Figure 22.
Equivalent lumped circuit model of the proposed UWB BPF shown in Figure 21 [50].
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inductance, and capacitance of the defected ground structure (DGS) [51]. L5, C5, L6,
and C6 represent the equivalent inductance and capacitance of the stepped imped-
ance resonator (SIR). Interdigital coupled arm is represented by the series capaci-
tance with parasitic inductance and resistance, and shunt capacitances [52] as
shown in Figure 22. The S-parameters versus frequency response of EM simulation
and circuit model are compared. There is a very good agreement between the
simulated and equivalent lumped circuit model results.
4.2.2 Fabrication and measurements
Photolithographic technique was used to fabricate this filter on Teflon substrate
(Duroid RT 5880) with physical properties of εr =2.2 and tan∂ = 0.0009, while the
dielectric thickness is 0.7874 mm. Figure 23 shows a photograph for the fabricated
filter for both sides (the front and back sides). The soldered wires shown in
Figure 23 are used to connect the filter with diode switch matrix tool. The filters are
measured using the vector network analyzer (N9928A FieldFox Handheld Micro-
wave Vector Network Analyzer, 26.5 GHz) [50].
Figure 24(a) shows the measured and simulated results of the proposed filter at
ON state with frequency range from 1 to 20 GHz. It should be noted that the
frequency range is extended up to 20 GHz in order to show that the out of band
rejection is good, and the measured 3 dB passband of the proposed filter is between
3.6 and 10.6 GHz. Figure 24(b) shows the measured and simulated results of the
proposed filter at OFF state, and the dual bands with 3 dB passbands extend from
3.8 to 5 GHz and from 9 to 10.8 GHz [50].
Figure 23.
A photo for the fabricated filter [50].
Figure 24.
The simulated and measured S11 and S21 without O.C stub. (a) D1 and D2 ON state (with frequency range
from 1 to 20 GHz) and (b) D1 and D2 OFF state [50].
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the coupled lines in the center of the design, the center frequency and 3 dB fre-
quency band can be easily adjusted. The proposed filter achieves UWB performance
with good selectivity and low insertion loss in the passband from 3.6 to 10.5 GHz
and good stopband from 10.6 to 18 GHz. Moreover, it achieves dual bands with
good stopband from 5 to 9.5 GHz and from 10.8 to 18 GHz by using open circuit
stub to suppress unwanted interference signals in the band of WLAN,WIMAX, and
X (Military) band of satellite. All dimensions of the proposed filter are as follows:
L1 = 3.75 mm, L2 = 1.95 mm, L3 = 1.8 mm, L4 = 7.5 mm, L5 = 2.1 mm, L6 = 1 mm,
L7 = 5.65 mm, W1 = 0.2 mm, W2 = 0.5 mm, W3 = 0.15 mm, g1 = 0.2 mm,
g2 = 0.2 mm, and g3 = 0.3 mm. The simulated S11 and S21 are shown in Figure 24.
4.2.1 The equivalent lumped circuit model analysis of the proposed design
Figure 22 shows the equivalent lumped circuit model of the proposed UWB BPF
that is shown in Figure 21. The equivalent lumped circuit model results are
obtained using circuit model tool of the Advanced Design System (ADS) 2017. The
lumped element values are manually optimized by changing each element value, so
that it can have good agreement with the simulated results obtained from the full
wave simulator.
The whole equivalent circuit of the proposed filter can be divided into the
following subsections: DGS part at input and output ports, interdigital coupled lines
and stepped impedance open stub. As shown in the lumped element model
(Figure 22), Rd1, Cd1, Ld1, Rd2, Cd2, and Ld2 represent the equivalent resistance,
Figure 21.
The structure of the proposed filter [50].
Figure 22.
Equivalent lumped circuit model of the proposed UWB BPF shown in Figure 21 [50].
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inductance, and capacitance of the defected ground structure (DGS) [51]. L5, C5, L6,
and C6 represent the equivalent inductance and capacitance of the stepped imped-
ance resonator (SIR). Interdigital coupled arm is represented by the series capaci-
tance with parasitic inductance and resistance, and shunt capacitances [52] as
shown in Figure 22. The S-parameters versus frequency response of EM simulation
and circuit model are compared. There is a very good agreement between the
simulated and equivalent lumped circuit model results.
4.2.2 Fabrication and measurements
Photolithographic technique was used to fabricate this filter on Teflon substrate
(Duroid RT 5880) with physical properties of εr =2.2 and tan∂ = 0.0009, while the
dielectric thickness is 0.7874 mm. Figure 23 shows a photograph for the fabricated
filter for both sides (the front and back sides). The soldered wires shown in
Figure 23 are used to connect the filter with diode switch matrix tool. The filters are
measured using the vector network analyzer (N9928A FieldFox Handheld Micro-
wave Vector Network Analyzer, 26.5 GHz) [50].
Figure 24(a) shows the measured and simulated results of the proposed filter at
ON state with frequency range from 1 to 20 GHz. It should be noted that the
frequency range is extended up to 20 GHz in order to show that the out of band
rejection is good, and the measured 3 dB passband of the proposed filter is between
3.6 and 10.6 GHz. Figure 24(b) shows the measured and simulated results of the
proposed filter at OFF state, and the dual bands with 3 dB passbands extend from
3.8 to 5 GHz and from 9 to 10.8 GHz [50].
Figure 23.
A photo for the fabricated filter [50].
Figure 24.
The simulated and measured S11 and S21 without O.C stub. (a) D1 and D2 ON state (with frequency range
from 1 to 20 GHz) and (b) D1 and D2 OFF state [50].
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Photos for the fabricated filter with open stub are shown in Figure 25. Figure 26
(a) shows the measured and simulated results of the proposed filter with open stub
at D1, D2 ON state, and D3 OFF with frequency range from 1 to 20 GHz. It should
be noted that the out of band rejection is good, and the measured 3 dB passband of
the proposed filter is between 3.6 and 10.6 GHz. Figure 24(b) shows the measured
and simulated results of the proposed filter with open stub at D1, D2 OFF state and
D3 ON, and the dual bands with 3 dB passbands extend from 3.8 to 5 GHz and from
9.5 to 10.8 GHz [50].
5. UWB filtenna
In general, the filtenna consists of a filter and antenna that are combined in one
structure. The proposed filtenna operates at three bands of frequency (2.4, 5.5, and
28 GHz) to cover the 4G/5G communication system. It consists of three parts,
namely, Franklin strip monopole antenna to cover 4G, WLAN, and WiMAX and a
rectangular patch antenna to cover 5G band. The third part consists of a modified
CMRC low-pass filter that exists between the two antenna parts to isolate the
Franklin antenna from the rectangular patch antenna at 5G band. It also allows
feeding the Franklin antenna at low frequency bands. The total size of the filtenna is
45  40  0.508 mm3 and fabricated on Teflon dielectric substrate (Roger 5880).
The proposed filtenna has wide impedance bandwidth (15.8, 23.5, and 11.3%) and
high gain (1.95, 3.76, 7.35 dBi) [53]. The proposed multiband filtenna is shown in
Figure 27.
Figure 25.
A photo for the fabricated filter of Figure 10.
Figure 26.
The simulated and measured S11 and S21 with O.C stub. (a) D1, D2 ON, and D3 OFF, (b) D1, D2 OFF and
D3 ON [50].
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5.1 Modified CMRC LPF using novel fractal patches
A modified compact microstrip resonance cell (CMRC) low-pass filter (LPF)
using novel fractal patches was proposed in [54], see Figure 28. The fractal patches
produce additional transmission zeros to the stop-band, while the open-ended stubs
cause an extension in the stopband achieving a compact ultrawide and deep
stopband filter with good selectivity and low insertion loss in the passband. The
results show 10 dB bandwidth from 3.3 to 67 GHz with 181.5% relative stopband
bandwidth. The 3-dB cutoff frequency is 2.85 GHz and less than 1.5 dB insertion loss
in the passband and 0.55 GHz transaction from 3 to 20 dB and  20 dB sup-
pression from 3.5 to 67 GHz, so that the filter can be expected to suppress the
unwanted harmonics and prevent inter-modulation with the new systems with high
frequency operating bands. The filter has been designed on a Rogers 5880 substrate
with a relative dielectric constant of 2.2, substrate thickness of 0.508 mm, and
0.0009 loss tangent. Figure 28 shows the proposed filter design, and it consists of
two traditional triangle taper resonance cells in one side of the transverse
connecting narrow width transmission line which has almost the same performance
of the complete CMRC structure, while two different sizes circular fractal patches
are present on the other half. Each fractal consists of main circular patch and
additional small circular patches at edges. The two fractals act as a dual behavior
resonator to have additional transmission zeros in the stopband. Each fractal is
resonating at certain frequency in addition with enhancing the low suppression
bands of the entire stop-band. Also, four open ended stubs are used to extend the
Figure 27.
The proposed multiband filtenna (a) front view and (b) back view [53].
Figure 28.
The design of proposed low-pass filter [53].
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Photos for the fabricated filter with open stub are shown in Figure 25. Figure 26
(a) shows the measured and simulated results of the proposed filter with open stub
at D1, D2 ON state, and D3 OFF with frequency range from 1 to 20 GHz. It should
be noted that the out of band rejection is good, and the measured 3 dB passband of
the proposed filter is between 3.6 and 10.6 GHz. Figure 24(b) shows the measured
and simulated results of the proposed filter with open stub at D1, D2 OFF state and
D3 ON, and the dual bands with 3 dB passbands extend from 3.8 to 5 GHz and from
9.5 to 10.8 GHz [50].
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Franklin antenna from the rectangular patch antenna at 5G band. It also allows
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The proposed filtenna has wide impedance bandwidth (15.8, 23.5, and 11.3%) and
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The simulated and measured S11 and S21 with O.C stub. (a) D1, D2 ON, and D3 OFF, (b) D1, D2 OFF and
D3 ON [50].
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connecting narrow width transmission line which has almost the same performance
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are present on the other half. Each fractal consists of main circular patch and
additional small circular patches at edges. The two fractals act as a dual behavior
resonator to have additional transmission zeros in the stopband. Each fractal is
resonating at certain frequency in addition with enhancing the low suppression
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stopband by adding new transmission zeros without increasing the circuit size. The
main dimensions are given in Table 6, all dimensions in millimeter.
5.2 Franklin monopole antenna
Part C of the multiband rectenna system is a Franklin strip monopole dual-band
antenna to be used to cover Bluetooth at 2.4 GHz, 4G, LTE bands at 2.3, 2.5 and
2.6 GHz, WiMAX at 2.5 and 5.5GHz, WLAN at 2.4, 5.2 GHz [53]. The geometry of
the antenna is shown in Figure 29. The antenna has a rectangular stub on a curved
partial ground. The length of the bending strip is about one-half of the guide
wavelength at its first resonance frequency. The meander radius and the length of
the Franklin strip are mainly determining the two resonance frequencies of the
antenna, while the rectangular stub with a length of a quarter wavelength and
curved ground have been used to increase the bandwidth of the upper band
(5.5 GHz). The L-C equivalent circuit of the Franklin monopole antenna is shown in
Figure 30. The dimensions of the antenna are shown in Table 7, while the equiva-
lent circuit parameters are shown in Table 8.
5.3 Rectangular patch antenna
The first part of the rectenna (part A) consists of a rectangular patch antenna
with inset feed for matching and four CSRRs (complementary split ring resonator)
in the other side (ground plane). This antenna covers the 5G range of frequency
(28 GHz). This shape is chosen due to its simplicity and can be placed in the
Franklin feeding line. Figure 31 shows the geometry of the rectangular patch with
inset feeding. The final dimensions of the antenna after using optimization tech-
niques of the CST simulator are introduced in Table 9. The L-C equivalent circuit of
this antenna with CSRRs is shown in Figure 32. The rectangular patch is
Parameter Cl L W Cd1 Cd2 a11 a12 a13 a21
Value (mm) 17.6 2.4 0.15 7.6 2.1 1.35 0.2 0.05 2.9
Parameter a22 a23 X1 X2 Y1 Y2 T1 T2 W50
Value (mm) 0.15 0.05 2.4 1.8 0.8 0.8 3.2 3.8 1.6
Table 6.
Circuit dimensional parameters [53].
Figure 29.
The design of the proposed Franklin strip monopole antenna (a) front and (b) back [53].
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represented as two radiating slots each one represented by a parallel R L C circuit,
while each one of the four CSRRs represented by parallel LC and the electric
coupling between the CSRRs on the ground and radiating patch on the top side is
represented by capacitor Ck and the magnetic coupling represented by the mutual
Figure 30.
The equivalent LC circuit of the proposed 4G Franklin monopole antenna,
Lsub Wsub Lf Lg L d
35 45 18.5 14.9 5.1 9.9
R a Wf Ws Tf Ts
1 1.1 1.6 1.5 13.4 14.9
Table 7.
Dimensions of the proposed Franklin antenna (all dimensions in mm) [53].
CTL LTL Cp Lp Rp CS LS Ck Ccs
2 1.7 2606 0.0007 0.05 0.1 0.05 18.4 42.4
C in Pico Farad, L in Nano Henry and R in ohm.
Table 8.
Franklin monopole antenna equivalent circuit parameters [53].
Figure 31.
The design of 5G rectangular patch antenna. (a) Front view, (b) back view, and (c) the dimensions of the
CSRR [53].
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the Franklin strip are mainly determining the two resonance frequencies of the
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curved ground have been used to increase the bandwidth of the upper band
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in the other side (ground plane). This antenna covers the 5G range of frequency
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Parameter Cl L W Cd1 Cd2 a11 a12 a13 a21
Value (mm) 17.6 2.4 0.15 7.6 2.1 1.35 0.2 0.05 2.9
Parameter a22 a23 X1 X2 Y1 Y2 T1 T2 W50
Value (mm) 0.15 0.05 2.4 1.8 0.8 0.8 3.2 3.8 1.6
Table 6.
Circuit dimensional parameters [53].
Figure 29.
The design of the proposed Franklin strip monopole antenna (a) front and (b) back [53].
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represented as two radiating slots each one represented by a parallel R L C circuit,
while each one of the four CSRRs represented by parallel LC and the electric
coupling between the CSRRs on the ground and radiating patch on the top side is
represented by capacitor Ck and the magnetic coupling represented by the mutual
Figure 30.
The equivalent LC circuit of the proposed 4G Franklin monopole antenna,
Lsub Wsub Lf Lg L d
35 45 18.5 14.9 5.1 9.9
R a Wf Ws Tf Ts
1 1.1 1.6 1.5 13.4 14.9
Table 7.
Dimensions of the proposed Franklin antenna (all dimensions in mm) [53].
CTL LTL Cp Lp Rp CS LS Ck Ccs
2 1.7 2606 0.0007 0.05 0.1 0.05 18.4 42.4
C in Pico Farad, L in Nano Henry and R in ohm.
Table 8.
Franklin monopole antenna equivalent circuit parameters [53].
Figure 31.
The design of 5G rectangular patch antenna. (a) Front view, (b) back view, and (c) the dimensions of the
CSRR [53].
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inductance offered by the ADS software. All lumped element values are listed in
Table 10 [53].
5.4 Simulation and measurement results of filtenna
The equivalent circuit model simulation results of the filtenna system shown in
Figure 27 is determined by merging the three parts component’s equivalent circuit,
Lsub Wsub Lf Wf yo Lp Wp
11 7.5 6 1.6 1 2.95 3.45
Sx Sy a b c e f
1.15 1.55 1.85 1.55 1.25 0.8 0.3
Table 9.
5G antenna dimensional parameters (all dimensions in mm).
Figure 32.
(a) The equivalent LC circuit of the proposed 5G rectangular patch antenna [53].
CTL LTL Cp1 Lp1 Rp1 Cp2 Lp2 Rp2 Cc Lc
17.5 0.16 1.06 0.26 93.6 1012 0.02 54.9 0.79 1.2
C in Pico farad, L in Nano Henry and R in ohms.
Table 10.
5G antenna equivalent circuit parameters.
Figure 33.
Photograph of fabricated antenna. (a) Front view, and (b) back view and (c) the measured and simulated
reflection coefficient [53].
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namely, 5G rectangular patch antenna, modified CMRC low-pass filter, and 4G
Franklin monopole antenna extract using ADS software [53]. The filtenna was
fabricated using the photolithographic technique.
Figure 32 shows a photo of the fabricated rectenna. The simulated and measured
reflection coefficient is shown in Figure 33. The measured results show that the
filtenna has 10 dB impedance of the first band from 2.16 to 2.53GHz, the second
band is from 4.58 to 5.8GHz, and the third band is from 26.8 GHz to 30 GHz. The
simulated and measured gains are shown in Figure 34. The first and second bands
have peak measured gain level of 1.95 and 3.76 dBi, respectively. The third band
achieves 7.35 dBi peak simulated gain level [53].
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Simulated and measured gain at: (a) first band, (b) second band, and (c) simulated gain using CST and HFSS
simulators for the third band [53].
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fabricated using the photolithographic technique.
Figure 32 shows a photo of the fabricated rectenna. The simulated and measured
reflection coefficient is shown in Figure 33. The measured results show that the
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growing demand for UWB for several applications and scenarios. The unlicensed use 
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